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Abstract 
Nanomaterials have been extensively studied due to their distinctive properties such 
as surface effect, small-size effect and quantum size effect. In recent year, 
investigations of the structural and phase transformations of nanomaterials under high 
pressure are receiving increasing attentions. In addition to composition and synthetic 
routes, pressure provides a clean way to adjust interatomic distance and hence affect 
the crystal structure and thus properties of the nanostructured materials.Two 
nanomaterials (i.e. TiO2 and Li4Ti5O12) with different morphologies are studied in this 
thesis. 
In one study, the high-pressure behaviours of four hydrothermal synthesized 1D rutile 
TiO2 nanomaterials (i.e. nanowires, nanorods, flower-like nanorods and nanotubes) 
were studied using Raman spectroscopy and synchrotron X-ray diffraction for the first 
time. A new morphology of flower-like nanorods was the first time obtained by this 
synthesis method. The phase transition sequence of these four 1D rutile TiO2 
nanomaterials is consistent with previous study. However, an interesting 
high-pressure behaviour was observed on nanowires that the reflection of rutile phase 
was observed in all patterns upon compression and decompression, suggesting a 
unique phase transition phenomenon unprecedented in TiO2 nanomaterials. 
Comparative studies of these 1D rutile TiO2 nanomaterials show strongly contrasting 
morphology-dependent compression behaviours: (1) Upon compression, nanotubes 
show the highest phase transition pressure of 20.8 GPa. (2) A higher compressibility 
along a-axis was observed compared to c-axis. (3) A relatively low bulk modulus of 
TiO2 nanotubes (bulk modulus of 193 GPa) was found indicating that among these 1D 
rutile TiO2 nanomaterials, nanotubes has the highest compressibility. 
In another study, nanoflower-like spheres Li4Ti5O12 (LTO-1) and nanoparticles 
Li4Ti5O12 (LTO-2) synthesized by microwave-assisted hydrothermal methods were 
iii 
 
investigated under high pressure for the first time by Raman spectroscopy and 
synchrotron X-ray diffraction. In this study, two LTO samples show three special 
high-pressure behaviours. Firstly, no phase transformations were observed up to 27.1 
GPa for LTO-1 and 26.3 GPa for LTO-2, indicating high structural stability of these 
two nanomaterials. Moreover, LTO-2 (bulk modulus of 167 GPa) has a much higher 
bulk modulus than LTO-1 (bulk modulus of 123 GPa) which indicates a 
morphology-induced alteration of bulk modulus. Further more, based on previous 
study of lattice strain has a positive correlation with bulk modulus, we can infer that 
LTO-2 has a larger intrinsic lattice strain than that of LTO-1, consistent with the 
observation of the better performance of LTO-1 in LIB operations. This study 
indicates that multiple factors including the lattice strain and surface area must be 
considered together in the design of new nanostructured electrode materials in the 
future. 
  
 
Keywords 
High pressure, diamond anvil cell, synchrotron radiation, X-ray diffraction, Raman 
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Chapter 1 Introduction 
1.1 Nanomaterials 
The term “nano” is derived from the Greek word for “dwarf”, “nanos”. This 
etymology, and its placement on the metric scale (1 nm=10-9 m), make it clear that 
tiny dimensions not visible to the naked eye, beyond the normal limits of our 
observation, are involved.1 On this length scale, materials with at least one dimension 
less than 100 nm are typically termed nanomaterials. Nanomaterials mainly have three 
categories: zero-dimensional nanomaterials with all three dimensions in nanometer 
scale, such as nanoparticles and quantum dots; one-dimensional nanomaterials with 
two dimensions in nanometer scale, such as nanotubes, nanowires and nanorods; two 
dimensional nanomaterials with one dimension in nanometer scale, such as nanofilms. 
When the size of particles decreased to nanoscale, the particles will possess many 
special characteristics2-4 as quantum size effect, surface effect, small-size effect and 
macro-quantum tunnel effect can result in the enhanced chemical, mechanical, optical, 
magnetic and electrical properties of materials. Because of these distinctive properties, 
nanomaterials have been widely used in various potential applications, such as energy 
storage,5 catalyst support,6 sensors,7 batteries,8 transistors,9 field emission10 and 
capacitors.11 Nanomaterials are expected to be at the heart of the next technological 
revolution in solid-state electronics, to emerge as new structural materials, to serve as 
systems for controlled drug delivery and to have a considerable impact in particularly 
all domains of materials science.12  
1.1.1 Nanostructured TiO2 
1.1.1.1 Structures and properties 
Titanium dioxide (TiO2) has been widely used in industrial applications since its 
commercial production in the early twentieth century. In 1972, two Japanese 
researchers, Fujishima and Honda discovered the phenomenon of photocatalytic 
2 
splitting of water on a TiO2 electrode under ultraviolet (UV) light.
13 Since then, 
enormous efforts have been devoted to the research of TiO2 materials for energy 
conversions, which has led to many promising applications in areas ranging from 
photovoltaics and photocatalysis to photo-/electrochromics and sensors.14-18 There are 
three commonly known crystal structure TiO2, i.e., anatase, rutile and brookite in 
nature. Each crystalline form of TiO2 is associated with a specific class of applications. 
For example, anatase TiO2 is found to be more active than rutile in photocatalysis 
applications, but rutile possesses better photo-absorption property in the visible light 
range. In particular, the lattice structural differences among the polymorphs usually 
lead to multifaceted physico-chemical and opto-electronic properties that control the 
electronic structure and bulk diffusion ability of charge carriers.19 Among these 
crystalline structures, anatase and rutile phases are two most commonly studied 
crystal phases because of their high stabilities and rich natural abundance. The crystal 
structures of rutile and anatase phases are shown in Figure 1-1 (a) and (b), 
respectively. 
                                    
 
 
 
 
 
 
                 (a)                                  (b) 
Figure 1-1 Crystal structures of TiO2 (a): rutile phase (space group P42/mnm); (b): 
anatase phase (space group I41/amd). Green spheres, Ti; Red spheres, O. 
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New physical and chemical properties emerge when the size of the material is reduced 
down to the nanometer scale. For example, the surface area and surface-to-volume 
ratio increase dramatically as the size of material decreases.20 Many TiO2-based 
devices are used to facilitate reaction/interaction between the devices and the 
interacting media, which mainly occurs on the surface or at the interface and strongly 
depends on the surface area of the material. Thus, the performance of TiO2-based 
devices is largely influenced by the sizes of the TiO2 building units, apparently at the 
nanometer scale.21 
In addition to size factor, the functional properties of nanomaterials are influenced by 
morphology. Since Iijima first time reported the needle-like carbon nanotube in 1991,22 
studies of 1D nanomaterials has received increasing attention and become a research 
focus in recent years. It is well accepted that 1D nanostructure provides a good system 
to investigate the mechanical properties on dimensionality and size reduction.23 
Specifically, 1D TiO2 nanomaterials have two quantum confined directions and one 
unconfined direction for electrical conduction which allows 1D TiO2 nanomaterials to 
be used in applications where electrical conduction is required.24    
1.1.1.2 Applications 
TiO2 nanomaterials have many conventional applications such as for pigment, paint, 
toothpaste and sunscreens as they are very stable, nontoxic, and cheap.25 Due to its 
electronic properties as a semiconductor and high absorption in the UV region, TiO2 
nanomaterials also have many promising applications in UV protection, 
photocatalysis, photovoltaics, sensing, electrochromics and so on.26 Amongst all uses 
of TiO2 nanomaterials, two major applications are in dye-sensitized solar cells and 
photocatalytic water splitting as out lined briefly below.  
Dye-sensitized solar cells (DSSC): Dye-sensitized solar cells are based on 
dye-sensitization of a wide band gap semiconductor.27 The working principle of 
DSSC is convert light energy into electrical energy through effective light absorption 
4 
and electricity charge separation, which is similar to photosynthesis in nature. DSSC 
normally contains four primary parts. On the top is a transparent anode made of 
fluoride-dope tin dioxide (FTO) glass. Connect to this conductive plate is a thin layer 
of nanostructured TiO2 with a monolayer of the charge transfer dye attached to its 
surface to absorb light. Then, a separate plate is made with a thin layer of the iodide 
electrolyte spread over conductive sheet (e.g. platinum metal) as cathod. The two 
plates are sealed together to prevent the electrolyte from leaking. When light is shined 
on the DSSC, the dye molecules interact with the photons and electrons are excited to 
a higher energy state than the conduction band edge of TiO2, thus, electrons are 
injected into the conduction band of TiO2. Then, electrons travel through the 
semiconductor to the electrode, the external load and finally to the counter electrode 
to make electric power. The holes in dye are rapidly reduced by electrolyte to 
preventing recombination of the electrons and holes. Overall, the device generates 
electric power from light without suffering any permanent chemical transformation.26 
Nanostructured TiO2 is important based on following key proterties: (a) suitable band 
adjusts for electron injection from most successful commercial dyes, (b) high surface 
area for higher dye loading, and (c) high electronic mobility for photogenerated 
electron collection.28  
Photocatalytic water splitting: Hydrogen has been identified as a potential 
energy carrier due to its high energy capacity and environmental friendliness.29 Many 
materials can be the potential sources of hydrogen such as coal,30 pyrolysis oil,31 
glucose32 and supercritical water.33 However, in the process of hydrogen generation 
by using these hydrogen-containing materials, either CO2 is produced
34 or energy 
from an external resource is required.35 To pursuit a friendly way of hydrogen 
generation, TiO2 came onto the stage as an important component of photocatalytic 
splitting of water into H2 and O2 because of its favorable band-gap and its high 
stability in aqueous solution under UV irradiation.36 
5 
Figure 1-2 shows the principle of water splitting using a TiO2 photocatalyst.
37 When 
TiO2 absorbs light with energy larger than the band gap (~ 3.2 eV), electrons in 
valance band will excited into conduction band, leaving holes in valence band. Then, 
the photogenerated electrons act as reducing agent and holes act as oxiding agent. 
Water molecules are reduced by the electrons to form H2 and oxidized by the holes to 
form O2, leading to overall water splitting.
38  
However, TiO2 has two main problems in this application. Firstly, the band gap of 
TiO2 is about 3.2 eV and only UV light can be utilized for hydrogen production. But 
UV light just accounts for ～ 4% of the solar radiation energy while the visible light 
contributes ～ 50%. This drawback limits the efficiency of solar photocatalytica H2 
production. Secondly, conduction band electrons can recombine with valance band 
holes quickly and release energy in the form of unproductive heat or photons. 
Photocatalytic splitting of water into H2 and O2 using TiO2 nanomaterials continues to 
be a dream for clean & sustainable energy sources and there still a long way to go. 
 
Figure 1-2 Reaction schemes for semiconductor photocatalysts.37 
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1.1.1.3 Synthesis of one dimensional TiO2 nanomaterials 
Various techniques have been developed to synthesize nanomaterials of desired 
morphologies and chemical compositions, such as membrane-template methods,39 
sol–gel process,40 chemical vapor deposition,41 flame or arc-discharge methods,42 etc. 
Among these methods, in particular, the hydrothermal method has been widely used 
to prepare one dimensional TiO2 nanomaterials since Kasuga et al.
43 successfully 
synthesized TiO2 nanotube from TiO2-SiO2 powder in 1998. The major advantage of 
hydrothermal method is that it is a simple and environmentally friendly approach.  
(a)                                    (b)  
 
 
 
 
 
Figure 1-3 TEM and SEM images of 1D TiO2 prepared by hydrothermal method. (a) 
nanorods44 (b) nanowires.45  
Hydrothermal synthesis involves crystallization and growth of a material in the 
high-temperature aqueous solution at controlled temperature and/or pressure. The 
widely used apparatus for hydrothermal synthesis is steel pressure vessels called 
autoclaves with or without Teflon liners.27 Many groups have successfully 
synthesized one dimensional TiO2 nanomaterials by hydrothermal method. For 
example, Zhang et al.,44 obtained TiO2 nanorods by treating a dilute TiCl4 solution in 
the presence of acid or inorganic salts. Figure 1-3 (a) shows a typical TEM image of 
the TiO2 nanorods prepared with the hydrothermal method. Besides TiO2 nanorods, 
TiO2 nanowires were also synthesized with this method. For instance, Zhang et al.
45 
7 
obtained TiO2 nanowires with diameter of 30 to 45 nm and a length in several 
micrometers (SEM images are shown in Figure 1-3 (b)). 1D TiO2 nanomaterials 
investigated in Chapter 2 were also synthesised by hydrothermal method.  
1.1.2  Nanostructured Li4Ti5O12 
1.1.2.1 Properties and applications 
Lithium-ion batteries (LIBs) are regarded as promising new power source for hybrid 
electric vehicles or pure electric vehicles due to its long cycle-life and high energy 
density.46 However, current technologies of LIBs are still facing some challenges in 
safety, cost, and service-life.47 For instance, one of the key safety issues in LIBs for 
electric vehicles is the growth of dendritic lithium on the anode surface at high 
charging current because the conventional carbonous materials approach almost 0 V 
versus Li/Li+ at the end of Li insertion.48 A fundamental solution is to use an 
electrochemical redox couple with higher equilibrium potentials, which makes Li 
dendrite formation thermodynamically less favorable. As such, better alternative 
anode materials have been sought in the past decade. Among the potential candidates, 
a titania based anode material, i.e., lithium titanium oxide (Li4Ti5O12) is attractive, as 
its Ti4+/Ti3+ redox couple has an working votage of approximately 1.55 V versus 
lithium, which avoids the reduction of the electrolyte on the electrode surface and the 
formation of the solid-electrolyte interphase (SEI) layer.49  
Li4Ti5O12 (LTO) has a spinel structure with space group of Fd 3 m (Figure 1-4). In 
Li4Ti5O12, all the tetrahedral 16d sites are shared by lithium and titanium with an 
atomic ratio of 1:5 in the cubic oxyen array. Li4Ti5O12 can be denoted as 
[Li3]8a[Ti5Li]16d[O12]32e,
50 indicating that Li ions adopt both tetrahedral (occupying the 
8a sites) and octahedral (occupying the 16d sites) oxygen coordination. Another 
interesting obervation is that Li cycling involves very little change in the cubic lattice 
parameter, namely, a = 8.3595 Å for Li4Ti5O12 and a = 8.3538 Å for Li7Ti5O12.
51 Thus, 
it is a “zero-strain” material and ideally suited as an anode for LIBs. In comparison 
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with bulk LTO, nano-LTO showed vastly improved reversible capacities and rate 
capability. Such improved properties are due to the reduction of Li ion diffusion 
pathway and better accessibility of the electrolyte to the nanoparticles.52 
 
 
Figure 1-4 Crystal structure of Li4Ti5O12. Grey spheres, Li; Green spheres, Ti / Li; Red 
spheres, O.  
1.1.2.2 Synthesis of Li4Ti5O12 nanomaterials 
Due to the aforementioned advantages, many methods have been used to synthesize 
nanostructured LTO, such as sol-gel,53 solid-state,54 solvothermal,55 hydrothermal56 
and spray pyrolysis.57 Recently, microwave-assisted hydrothermal (MH) methods 
were found to be efficient for the synthesis of nanomaterials. Microwave-enhanced 
chemistry is based on the interactions of dielectric materials, liquids, or solid with 
microwave radiation that causes dielectric heating.58 Specifically, for the 
microwave-assisted hydrothermal (MH) method, the solution is heated by a 
microwave irradiation under a pressure of >1 atm. It is an inexpensive one step 
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synthesis process in terms of energy consumption. Microwave heating is very rapid 
due to the direct dielectric heating of liquid relative to conventional indirect heating. 
For example, it takes 60-100 min to heat water up to 100-150 oC under normal 
hydrothermal method, while using the MH method, only 1-3 min is needed.59 In 
addition, compared with conventional hydrothermal method, MH method has 
extremely rapid kinetics of crystallization by 1-2 orders of magnitude,60 short reaction 
time, low-temperature processing and low energy consumption.61 This method has 
been used successfully to synthesize many inorganic nanomaterials, such as MnO2,
62 
WO3
59 and LiFePO4.
63 The nanostructured Li4Ti5O12 samples used in Chapter 3 are 
also synthesized by a MH method following heat treatment. 
1.2 High pressure materials science 
1.2.1  High pressure phenomena 
Pressure and temperature influence properties of a chemical system. So far, much 
effort was focused on the variation of temperature in producing a rich array of 
structures and compounds. In contrast, the pressure variable in chemistry has 
remained relatively less explored, especially in the high pressure region. In the 
universe, pressure spans from 10-32 Pa in the intergalactic space to 1032 Pa (1 GPa = 
109 Pa = 10,000 atm) at the center of the neutron star. In such a large range of 
pressure, materials could have various structures with different properties and leave a 
huge space for producing new materials by adjusting pressure.64  
When applying pressure to materials, the main effect is to efficiently reduce the 
volume of the material as pressure can shorten the inter-molecular and intra-molecular 
distances. The decrease of volume will increase the free energy which causes the 
system thermodynamically unstable.65 To achieve a new free energy minimum, 
system will result in a lot of possible processes, such as phase transformation, 
ionization, polymerization, amorphization, dissociation and, even metallization. 
Therefore, high pressure can offer enhanced opportunities to discover new phases, to 
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trigger chemical reactions, to force materials into new physical and chemical states. 
So far, a huge number of striking high-pressure phenomena have been observed 
experimentally. For example, as shown in Figure 1-5, butadiene can oligomerizes in 
the absence of a catalyst at 0.7 GPa;66 At the pressure of 10 GPa, ice melts at 400 oC; 
Although no metallization has been observed experimentally for H2, 
‘broken-symmetry’ molecular-ionic solid phase (H2
+H2
-) was reported formed at a 
pressure of 150 GPa.67 The recent advances in high pressure materials research have 
been summarized in several excellent review articles, including that by Grochala et 
al.68  
  
  
Figure 1-5 Examples of high-pressure phenomena.68 
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1.2.2  High-pressure apparatus 
1.2.2.1 Diamond anvil cells 
Diamond anvil cell (DAC) is one of the most widely used devices to generate high 
pressure. It creates high pressure by trapping a sample between tiny flat faces ground 
on the pointy ends of two diamonds. There are many kinds of DACs, such as 
membrane cell from Easylab, UK and P-type DAC from High Pressure Diamond 
Optics Inc. Among these, a symmetric type DAC manufactured by Princeton 
University is used in this project, which is shown in Figure 1-6 (a). Normally, this 
type of DAC is in cylinder shape with diameter of ～ 5 cm and height of ～ 2.5 cm. 
Pressure is provided by the four screws. The force generated by the screws can be 
transmitted to the backup seats which further press the two diamonds, and yield a high 
pressure in the gasket and sample. Symmetric DAC contains two parts: a piston and a 
cylinder. A pair of brilliant-cut diamonds with same size is mounted on two seats 
which are aligned to the piston and cylinder. There are two different types of 
diamonds which are classified by the content of nitrogen impurity. Type I diamonds 
with higher impurity (e.g. nitrogen) are used for Raman and X-ray diffraction 
measurement. Type II diamonds that have lower impurity are used for IR 
measurements. The schematic of the symmetric DAC is shown in Figure 1-6 (b). 
Between the two diamonds, there is a pre-indented gasket which is made of metal, 
such as stainless steel, tungsten, beryllium, etc. To be used in the experiment, a hole 
with the size of one third of the diamond’s culet size will be drilled at the center of the 
pre-indented mark as a sample chamber and it can be perfectly sealed by the two 
diamonds.  
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Figure 1-6 Photo (a)69 and schematics of a symmetric diamond anvil cell (b).70  
1.2.2.2 The ruby pressure gauge 
For all high pressure experiments, reliable and accurate pressure gauge is extremely 
important. In this thesis, a ruby gauge which is established by Mao,71 is adopted for 
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the in situ high-pressure calibration in DAC. In high pressure experiment, ruby (Al2O3 
doped with Cr3+) together with sample is loaded in the hole. Ruby has two dominant 
excited luminescence peaks. These two peaks are associated with R1 and R2 
transitions involving the Cr3+ ion. R1 and R2 peaks are very sensitive to pressure and 
the peak position shift to longer wavelength as pressure increases. The peak position 
shift and pressure can be related by the equation 1.1. 
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(1.1) 
In this equation, P represents pressure in GPa, Δλ represents the shift of the R1 peak. 
The parameter B is equal to 7.665 for quasi-hydrostatic conditions, and equal to 5 for 
non-hydrostatic conditions. The accuracy of this method can achieve to ± 0.05 GPa. 
1.2.2.3 Pressure transmitting medium 
Hydrostatical pressure is preferred for the vast majority of high pressure experiments. 
The reason is that hydrostatic pressure is a thermodynamic parameter and the results 
obtained under such conditions are intrinsic material properties which can be 
compared with theory.72 To improve the hydrostatic conditions, a pressure 
transmitting medium (PTM) is used to load into the sample chamber. There are many 
types of PTM which can maintain the hydrostatic condition up to different pressures. 
The first type of PTM are alcohol mixtures, such as 4:1 methanol-ethanol73 and 16:3:1 
methanol-ethanol-H2O,
74 which can keep the hydrostatic condition up to ~ 10.5 GPa 
The second type of PTM is silicon oil with different viscosity, which can achieve 
higher pressure to 20 GPa. However, silicon oil is not suitable for pressure range of 
above 20 GPa, since at this pressure, it undergoes a glass phase transition and lose its 
pressure transmitting ability. For pressure above 20 GPa, the third class PTM, i.e. 
noble gases such as Ne, Ar and He, are the best hydrostatic PTM known so far. Ne, 
for example, can maintain the hydrostatic condition as high as 50 GPa. In general, the 
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choice of PTM depends on the highest pressure needed to achieve in the high pressure 
experiment.72 
1.2.3  High-pressure study of nanomaterials 
Investigations of the structural and phase transformations of nanomaterials under high 
pressure are receiving increasing attentions. Because in addition to composition and 
synthetic routes, pressure provides an additional effective driving force to tune the 
structures and thus properties of the nanostructured materials. For instance, carbon 
nanotubes at around 35 GPa were found to transform into single crystal diamond or 
graphite powder.75 Before this transformation, many other different nanostructures 
were obtained such as nanodiamond and nanotube polymers. In addition, 
nanomaterials behave quite differently than their corresponding bulk counterparts 
under pressure. For example, the phase transition of ZnO nanowires from wurtzite 
phase to rocksalt phase takes place at 13.7-24.1 GPa, substantially higher than that in 
ZnO (9 GPa).76  
Size of the nanomaterials is an important factor which influences the high-pressure 
behaviours. For instance, size effect is found to be significant in CdSe nanoparticles, 
especially for its wurtzite phase to rocksalt phase transition pressure.77 A critical size 
of 10 nm is found. When the particle size of CdSe is less than 10 nm, the transition 
pressure increases as the particle size increases. And when the size is larger than 10 
nm, the transition pressure will remains the same as its corresponding bulk countparts. 
In addition, morphology also plays a significant role in high pressure behaviors of 
nanomaterials. For example, different morphologies of ZnS were found to have 
strikingly different phase stabilities under high pressure.78 High-pressure synchrotron 
X-ray diffraction of wurtzite ZnS nanobelts demonstrates a wide field of structural 
stability up to 6.8 GPa, remarkably different from the bulk and nanoparticles that 
transform to the sphalerite structure easily with slightly applied compression. 
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1.3 Structural characterization of nanomaterials at high 
pressures 
Different types of techniques such as Raman, IR and XRD can be used to characterize 
sample in diamond anvil cell (DAC) under high pressure as diamond being 
transparent to a wide range of electromagnetic waves. This part will focus on the 
introduction of Raman spectroscopy and synchrotron X-ray diffraction that used in 
this project. 
1.3.1 Raman spectroscopy 
Raman spectroscopy is widely used for high pressure measurements since valuable 
information about intermolecular interactions, phase transitions, structural changes, 
and conversions of insulators (semiconductors) to metals is obtainable when matter is 
subjected to pressure.  
 
  
 
 
 
 
 
 
 
Figure 1-7 Three types of Raman scattering: Rayleigh Scattering, Stokes Raman 
Scattering and Anti-Stokes Raman Scattering. 
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When the monochromatic light interacts with gas, liquid or transparent samples, a 
small part of light will be scattered along different directions and generate scattered 
light. Scattered light can be distinguished as elastic and inelastic scattering. The major 
part is elastic scattering that the energy of the incident light is equal to the emitted 
light. And this phenomenon is referred to as Rayleigh scattering (Figure 1-7). Only a 
minor part scatters inelastically where a small fraction of energy is transferred 
between molecule and photon is called Raman scattering. Inelastic scattering can be 
further distinguished between two different forms, depending on the energy state of 
the molecule.  In one case, the molecule is initially in its ground state. After 
excitation, the molecule falls back to a vibrational energy state above the ground state. 
As a result, the emitted photon has less energy than before and the scattered light will 
shift to a higher wavelength. This effect is called Stokes-Raman scattering. The 
second type of inelastic scattering assumes that the molecule is already in a higher 
vibrational state. After excitation, the photon falls back to the molecule’s ground state. 
The emitted photon has a higher energy than before and the wavelength shifts to 
lower values. This effect is called anti-Stokes Raman scattering. Anti-Stokes-Raman 
scattering is weaker than Stokes-Raman scattering as most molecules are initially in 
their ground state. Hence Stokes-Raman scattering is mainly measured in Raman 
spectroscopy. The energy difference between the incident and scattering photons is 
call Raman shifts, which can provides valuable spectroscopic information for the 
vibrational or rotational energy of the sample.79  
In my project, a customized Raman micro-spectroscopy system in our lab was used to 
collect the Raman spectra (Figure 1-8). Two laser source: 782 nm (Micro Laser 
Systems, Inc.) and 532 nm (DPSS green Laser) are used as the excitation wavelength. 
The microscope system containing 15× eyepieces and a 20× objective (Olympus 
Microscope) is used to focus the laser beam < 5 μm onto the samples. Raman 
spectrum is recorded by an ultrasensitive, liquid nitrogen cooled, back-illuminated, 
charge-coupled device (CCD) detector (Spec-10 system, Princeton Instrument). 
Besides, spectrometer is equipped with a triple grating (300 g/mm, 1200 g/mm, and 
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1800 g/mm) system with different resolutions. For calibration, the system used neon 
lines with an uncertainty of ± 1 cm−1. The Rayleigh scattering is removed by 
respective wavelength specific edge filters and an imaging spectrograph 
(SpectroPro-2500i, Acton Research Corporation) is used to analyze the Raman 
signals.  
 
Figure 1-8 Photo of the customized in-house Raman Microspectroscopy System.80  
1.3.2 Synchrotron X-ray diffraction 
1.3.2.1 Principle of synchrotron radiation 
Synchrotron radiation is produced by accelerating electrons approaching the speed of 
light.81 More specifically, as shown in Figure 1-9, the high energy electrons are first 
accelerated to the speed of close to light, and next are injected to the storage ring that 
guided by arrays of magnet, then, electromagnetic radiation is produced tangentially 
to the curved orbit of accelerated electrons. The storage ring includes an array of 
several magnets in straight sections and curved sections, which constrain an electron 
or positron beam to move in a circular path.  
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In the curved sections, bending magnets are located, which bend the electron beam 
and effectively generates a sweeping searchlight pattern. In the straight sections, the 
“insertion devices” are placed which contains wigglers and undulators. As the 
electron beam bend along the orbit of curved section, a bending magnet produces 
sharp cone of radiation in the bending plane, shown in Figure 1-10 a. Due to the high 
magnetic field in wigglers, radiation beam generated in wigglers has a large open 
angle (Figure 1-10 b). However, compared with wigglers, undulators have a low 
magnetic field. Therefore, the radiation beam generated in undulators has a small 
open angle, which leads to a narrower beam of higher brightness (see Figure 1-10 c). 
As seen in Figure 1-10, radiated energy is continuous for both bending magnet and 
wigglers, but it is a series of sharp peaks for undulators.82  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-9 Schematic layout of a synchrotron radiation facility.83  
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Figure 1-10 Opening angle and flux (vs. Ephoton) of (a) bending magnets, (b) wigglers, 
and (c) undulators. 84 
Compared with traditional X-ray sources, synchrotron radiation has many advantages. 
The brilliance of the X-ray beam that can be achieved in synchrotrons is four (first 
generation synchrotrons) to twelve (third generation synchrotrons) orders of 
magnitude higher than that from a conventional X-ray source. Moreover, given the 
size of the storage ring (hundreds of meters in diameter), the average synchrotron 
beam consists of weakly divergent beams that may be considered nearly parallel, 
which increases the instrumental resolution significantly in contrast to laboratory 
X-ray source. Another important advantage is that energy of the synchrotron radiation 
is consistency and tunable to desired experimental requirement.85 Moreover, 
synchrotron radiation also possesses other desirable properties such as polarization, 
laser-like coherence and time-structures which make synchrotron radiation is a 
versatile tool of studying the chemical and physical properties of materials. 
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1.3.2.2 Synchrotron X-ray diffraction at high pressure 
X-ray diffraction (XRD) has been widely used in the identification and 
characterization of crystalline solids. Both the position and the relative intensity of a 
diffraction pattern are providing a “fingerprint” for a particular phase. XRD can also 
be used to determine the crystallinity by comparing the intensity of the background 
pattern to that of the sharp peaks. The basic principle for XRD is the Bragg equation 
shown below which is formulated by W.H.Bragg and W.L.Bragg.86 It establishes 
relationships among the diffraction angle (Bragg angle), wavelength, and interplanar 
spacing. 
hkl=2d sin   (1.2) 
Where  is the wavelength of X-ray; dhkl is the spacing of the lattice planes with the 
Miller indices h, k, l. is the angle of Bragg reflection with respect to these planes. 
The diffraction angle, defined as the angle between the incident primary beam and the 
diffracted beam, is therefore equal to 2. For ideal polycrystalline samples with all 
possible orientations of the individual microcrystalline grains are equally probable, 
the X-ray is scattered symmetrically around the primary beam into discrete diffraction 
cones, which can be registered photographically as concentric circles on a flat film, or 
more commonly, as Debye-Scherrer rings on a cylindrical film wrapped around the 
sample with the primary beam passing through the film on one side, and through the 
collimator hole on the other side. 
In high-pressure studies, due to the bulk anvils and small sample sizes, X-ray 
diffraction measurements can only be performed with intense high energy X-ray beam 
and very small beam size (e.g., tens of microns), which can hardly be achieved in 
local X-ray diffraction facilities using Co, Cu, and Mo as the excitation sources. 
Therefore, Synchrotron radiation source becomes the best choice for high-pressure 
research due to its extraordinary properties mentioned above.  
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1.3.2.3 Synchrotron X-ray diffraction facilities 
The XRD patterns in this thesis were collected in angle dispersive X-ray diffraction 
mode in which Bragg’s Law is fulfilled by using a fixed X-ray wavelength, and 
scanning in angle , as described in Figure 1-11. The monochromatic synchrotron 
X-ray beam passing through diamond is focused at the center of the sample. X-ray 
diffraction patterns are collected on the other side. The XRD experiments in this 
thesis were carried out using the synchrotron facilities at Advanced Photon Source 
(APS) in Argonne National Laboratory (ANL) and Shanghai Synchrotron Radiation 
Facility (SSRF) in China.   
 
 
 
 
 
 
Figure 1-11 Schematic diagram of angle dispersive XRD.87 
Advanced Photon Source (APS) Advanced Photon Source (APS) is located at 
Argonne National Laboratory, Argonne, USA. It consists of 34 sectors, and each 
sector contains one or more beamlines for a variety of researches. The XRD patterns 
of nanoparticles Li4Ti5O12 in Chapter 3 were obtained from beamline HPCAT 
16BM-D as shown in Figure 1-12. It is a high-pressure beamline for X-ray diffraction 
measurements. The X-ray energy can be chosen by Si (1 1 1) double crystal 
monochromator from the APS bending magnet beam and the energy range covers 
6-45 keV normally. The monochromatic X-ray beam is focused by KB mirrors both in 
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vertical and horizontal dimensions, which normally provide a full beam size of 15 μm 
(H) x 30 μm (V) at the sample. A MAR345 imaging plate detector is used to collect 
the diffraction patterns of the sample.89 In addition to the XRD technique, 16BM-D 
also provides many excellent technical supports such as the membrane and 
mechanical pressure control, online ruby and Raman system. 
 
Figure 1-12 Angle dispersive XRD set up at 16BM-D of APS.88 1: X-ray beam; 2: sample 
stage; 3: MAR3450 image plate. 
Another beamline of Sector-20ID in APS was used to obtain XRD patterns for all 1D 
rutile TiO2 nanomaterials in Chapter 2. Sector-20 is a partnership beamline between 
the X-ray Science Division and the Canadian Light Source. The source for 
Sector-20ID is the undulator Type A. Its energy range covers 4.3-27 keV by 
monochromator of Si (1 1 1).89 Besides XRD, it can also support other techniques, 
such as X-ray absorption fine structure (XAFS) and X-ray Raman Scattering.       
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Shanghai Synchrotron Radiation Facility (SSRF) Shanghai Synchrotron 
Radiation Facility (SSRF) is the third generation synchrotron radiation facility which 
located in Shanghai, China. Its circumference is 432 m and the operating energy is 3.5 
GeV. 7 beamlines are in operation now. BL15U1 is called micro-focusing beamline 
which is the only one that is suitable for high pressure study so far because of its 
micron beam size. The XRD patterns of nanoflower-like spheres Li4Ti5O12 in Chapter 
3 were obtained in this beamline. The layout of the beamline is shown in Figure 1-13. 
A Si (1 1 1) double crystal monochromator is used to monochromize X-rays. The 
energy range provided is 5-20.5 keV. The flux is more than 1011 photons/sm2 @ 10 
keV. The micron beam size is achieved by using a K-B mirror system. The setup of 
μ-XRD at BL15U1 is optimized for high pressure experiment is shown in Figure 1-14, 
after the K-B focusing system (1), the beam is focused to the sample (4). A pin-hole 
(3) was placed before the sample in order to get a clean beam profile. A Mar-165 
CCD (6) was used for recording the diffraction signal, and a beam stop (5) is also 
placed in front of the CCD for protection purpose. A movable PIN diode as photon 
detector was placed between sample and beam-stop in order to help to focus the beam 
on to the sample, and it can quickly move in and out of the beam path for observation 
and measurement mode switching.90  
 
Figure 1-13 The Schematic layout (left) and photo (right) of μ-XRD setup at BL15U1.90 
1: X-ray beam; 2: sample stage.  
1 
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1.3.3 Other characterization techniques 
1.3.3.1 Scanning electron microscope (SEM) 
Scanning electron microscope (SEM) is used to characterize the morphologies of 
nanometerials, In this thesis, SEM images were collected by using the LEO 1540 
FIB/SEM at Western Nanofabrication Facility, the University of Western Ontario. 
The LEO 1540 is equipped with a high resolution SEM for imaging. The spatial 
resolution of the images can focus down to 1 nm depending on the materials.  
1.3.3.2 Powder X-ray diffraction 
The conventional powder X-ray diffraction facility in Department of Earth Science is 
also used to check the phase and crystallinity of the products at ambient condition. 
These experiments were performed on a Rigaku rotating-anode X-ray Diffractometer. 
The diffractometer employs Co K-radiation (1.78890 Å) as X-ray source. The 
monochromatic condition is achieved using a curved crystal, diffracted beam, graphite 
monochromater. The instrument is using the normal scan rate of 10 degree two-theta 
per minute. X-rays were collimated using 1 degree divergent and scatter slits, and a 
0.15 mm receiving slit. Bulk sample scans were completed from 2 to 82 degree 
two-theta, at a rate of 10 degree / minute. 
1.4 Scope of the thesis 
The properties of nanomaterials are largely determined by the synthetic routes and 
their compositions. However, high-pressure studies have demonstrated that, in 
addition to the traditional synthetic approaches, pressure can provide an additional 
driving force to modify the structures as well as morphology of nanomaterials. One of 
the benefits of high pressure study is pressure induced phase transformation of 
producing novel structures which may have new potential applications especially in 
energy devices. Therefore, high-pressure study of nanomaterials has attracted 
increasing attentions in recent years.  
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As mentioned above, the chemical and physical properties of 1D nanostructured TiO2 
have been widely studied since they have a much higher surface to volume ratio, 
which maximize the dye loading and light harvesting properties while maintaining its 
high electron transport ability. Until now, basic properties of nanostructured TiO2 in 
different crystal phases and morphologies using different synthesis methods, which 
are closely related to its applications, are not yet fully understood. Comparing with 
anatase phase, the high-pressure behaviors of rutile nanosized TiO2 is still lack of 
understanding. Therefore, high-pressure studies of rutile 1D nanostructured TiO2 are 
of fundamental importance.    
My second project in Chapter 3 is another titania based energy storage material: 
nanostructured Li4Ti5O12. As a potential anode material for lithium-ion battery, 
nanostructured Li4Ti5O12 shows a number of improved characteristics compared with 
carbon-based anode materials. However, structural modifications of nanostructured 
Li4Ti5O12 materials under high pressure may lead to better electrochemical properties. 
To the best of our knowledge, no experimental high-pressure studies on 1D rutile 
nanostructured TiO2 and nanostructured Li4Ti5O12 have been undertaken, many 
outstanding issues, such as phase transition sequence, phase transition pressure, high 
pressure phases, compressibility, systematic understanding of morphology and size 
effect, etc, still remain to be addressed. Therefore, in-situ Raman spectroscopy and 
X-ray diffraction high-pressure study of 1D rutile nanostructured TiO2 (Chapter 2) 
and two different morphologies of nanostructured Li4Ti5O12 (Chapter 3) are carried 
out in this thesis. 
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Chapter 2 Pressure-induced Structural 
Transformations of 1D Nanostructured TiO2 Studied 
by Raman Spectroscopy and Synchrotron X-ray 
Diffraction 
2.1 Introduction 
With the rapid development of the nanotechnologies, TiO2 nanomaterials with 
different morphologies (e.g. nanoparticles, nanowires, nanobelts, nanotubes)1-4 can be 
produced in high quality for subsequent applications such as photocatalysis, 
photovoltaics, batteries, photonic and UV blockers.5-9 Compared to other 
nanostructured materials, 1D TiO2 nanomaterials have attracted considerable interest 
due to their superior properties in different applications, especially in photocatalysis 
and solar cells.10-12  
The most commonly known stable phases of crystalline structured TiO2, include 
anatase (space group I41/amd), rutile (space group P42/mnm), and brookite (space 
group Pbcn) in nature. Each crystalline form of TiO2 is associated with a specific 
class of applications. For instance, rutile has a high refractive index, exceptional light 
scattering efficiency and UV absorptivity, which enables its utility as a filter in solar 
creams, pigments and optical communication devices (eg. isolators, modulators), 
while anatase is largely preferred in photocatalysis and photovoltaics.13 Therefore, 
searching structures with properties that can satisfy the applications is of particular 
interest.  
In addition to composition and synthetic routes, pressure provides an additional 
effective driving force to tune the structures and thus properties of the nanostructured 
materials.14 So far, pressure-induced structural transformation have been observed in 
many nanomaterials, such as ZnS,15 SnO2,
16 BN,17 ZnO.18 In addition, nanosized TiO2 
of different phases also has been extensively investigated under high pressure both 
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experimentally and theoretically.19-22 Among the various structures of TiO2, anatase 
and rutile are the most widely studied phases under high pressure due to their 
promising applications in advanced techniques and rich abundances in nature 
(structures are shown in Figure 1-1).  
  
 
 
 
 
 
              (a)                                         (b) 
 
Figure 2-1 Crystal structures of TiO2. a: baddeleyite phase (space group P21/c); b: 
α-PbO2 phase (space group Pbcn). The red and blue balls stand for the O atoms and Ti 
atoms, respectively. 
For high pressure study of anatase TiO2 nanomaterials, pressure-induced 
amorphization, phase transition from anatase to baddeleyite phase (crystal structure  
shown in Figure 2-1 a) and phase transition from anatase to α-PbO2 phase (crystal 
structure shown in Figure 2-1 b) are reported in different sizes of nanoparticles. The 
phase transition sequence varies as size of nanoparticles changes. In addition to phase 
transition sequence, other high-pressure behaviours such as transition pressures are 
also dependent upon different morphologies and size. For example, two anatase TiO2 
nanowire samples, with respective diameters of <100 nm and ～200 nm were 
observed to have the same phase transition sequence from anatase to baddeleyite 
phase but with different respective transition pressure, i.e., 13 GPa and 9 GPa.23  
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Compared with anatase phase, the high-pressure behaviors of nanosized TiO2 in rutile 
phase is still lack of understanding because no 1D rutile TiO2 has been studied under 
high pressure yet. Many outstanding issues, such as phase transition sequence, phase 
transition pressure, high pressure phases, compressibility, systematic understanding of 
morphology and size effect, etc, still remain to be addressed. In this work, 
hydrothermally synthesized 1D rutile TiO2 nanomaterials, i.e., nanowires, nanorods, 
flower-like nanorods and nanotubes were studied under high pressure for the first time, 
using in situ Raman spectroscopy and synchrotron X-ray diffraction. Unique high 
pressure phenomena were observed and comparison study of these 1D rutile TiO2 
nanomaterials shows strongly contrasting morphology-dependent compression 
behaviours.  
2.2 Experimental 
2.2.1 Materials synthesis 
Nanorods and nanowires: Nanorods and nanowires TiO2 were prepared by the 
hydrothermal method similar to that described by Liu24 and Feng.25 Briefly, 10-30 mL 
of deionized water was mixed with 10-30 mL of concentrated hydrochloric acid 
(36.5-38.0 % by weight) to reach a total volume of 30 mL in a Teflon-lined stainless 
steel autoclave (50 mL volume). The mixture was stirred at ambient conditions for 5 
min before the addition of 0.5 to 1.0 mL of titanium butoxide (97 % Aldrich) / 
titanium isopropoxide (97 % Aldrich). After stirring for another 5 to 10 min, two 
pieces of fluorine doped tin oxide (FTO) coated glass slide substrates (10 Ω / sq) 
purchased from Aldrich, ultrasonically cleaned for 60 min in a mixed solution of 
deionized water, acetone, and 2-propanol with volume ratios of 1:1:1, were placed at 
an angle against the wall of the Teflon-liner. The hydrothermal synthesis was 
conducted at 80 oC to 180 oC for 6 to 24 h in an oven. Then, the autoclave was directly 
cooled/step by step to room temperature. The FTO substrate was taken out, rinsed 
extensively with deionized water and allowed to dry in ambient air. It is well known 
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that morphology and size of nanomaterials are largely depending on synthesis 
conditions. By choosing different precursors, changing the volume of precursor, 
acidity, growth time and temperature, three morphologies of 1D nanostructured TiO2 
were synthesized.  
Nanotubes: The TiO2 nanotubes were synthesized in two steps. First, the growth of 
flower-like nanorods TiO2 arrays on FTO glass using a hydrothermal method as 
mentioned above. According to Huang et al.,26 the as-grown TiO2 nanorods can be 
converted into nanotubes by hydrothermal etching in HCl. Therefore, in the second 
step, the flower-like nanorods TiO2 arrays were immersed in 15 ml 12.0 M HCl 
without any precursors and post treated at 150 oC for 6 h. Finally, the synthesized 
sample were rinsed with deionized water and allowed to dry in ambient air to obtain 
nanotubes TiO2. 
2.2.2 Sample preparation 
A symmetrical DAC with two type-I diamonds of 400 μm culets was used for the 
high-pressure in-situ Raman measurements and synchrotron X-ray diffraction 
experiment. A hole with a diameter of 130 μm was drilled on the centre of the 
stainless steel gasket and used as a sample chamber. Neon gas was loaded as the PTM 
for X-ray diffraction measurements whereas no PTM was used for Raman 
measurements. A few ruby balls were inserted in the hole as pressure calibrant. 
2.2.3 Characterization 
The morphologies of all 1D nanostructured TiO2 were examined using scanning 
electron microscopy (SEM, LEO 1540) at the Nanofabrication Laboratory, University 
of Western Ontario. 
The powder X-ray diffraction facility in the Department of Earth Science was used to 
examine the crystallinity of the synthesized 1D nanomaterial. The X-ray diffraction 
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facility has a Rigaku X-ray diffractometer and uses the Co K-radiation as the X-ray 
source with the wavelength of 1.7889 Å. 
In situ high-pressure structural characterization was performed using a customized 
Raman spectroscopy and synchrotron X-ray diffraction with detailed instrumental 
information described in Chapter 1. Specifically, A 532 nm wavelength laser was 
used as the excitation source for Raman spectra. The Raman system was calibrated by 
neon lines with an uncertainty of ± 1 cm−1. Raman data for each pressure point were 
collected in the spectral region of 100-800 cm-1, corresponding to the lattice 
vibrations with accumulation time of 180 s. In situ angle-dispersive X-ray diffraction 
measurements were carried out at room temperature at the beamline Sector-20ID of 
Advanced Photon Source (APS) in Argonne National Laboratory (ANL). The incident 
wavelength is 0.4769 Å with a beam size of 5 μm (H) x 5 μm (V) focused at the 
center of the sample. The diffraction data were recorded with an exposure time of 60 s, 
and the 2D Debye-Scherrer diffraction patterns were integrated by using Fit2D 
program for further analysis. A Rietveld analysis was performed using the 
GSAS+EXPGUI program. More details about Fit2D and Rietveld refinement 
programs are provided in Appendix I. 
2.3 Results and discussion 
2.3.1 Morphology  
2.3.1.1 Nanowires  
Figure 2-2 shows SEM images of vertically aligned rutile TiO2 nanowires that were 
prepared by hydrothermal method using a solution of 1 mL titanium isopropoxide as 
precursor and 15 mL HCl, 15 mL deionized H2O at 150 
oC for 16 h. Figure 2-2 (a) is 
the top view and Figure 2-2 (b) is cross-sectional tilting views. It can be seen that 
densely aligned TiO2 nanowires grew uniformly on the FTO substrate after 16 h 
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hydrothermal reaction. When measured at the tip, TiO2 nanowires are of an average 
diameter of 10 nm to 30 nm.  
a                              b 
 
 
 
 
                c 
 
 
 
 
Figure 2-2 SEM images of rutile TiO2 nanowires in (a) top view; (b) side view and (c) 
view after compression/decompression in DAC. 
2.3.1.2 Nanorods 
Figure 2-3 shows SEM images of the nanorod-films grown on FTO substrate at 120 
oC for 20 h with 1 mL titanium butoxide as precursor and 15 mL HCl, 15 mL 
deionized H2O. The SEM images were taken from top view at different 
magnifications. Figure 2-3 (b) shows that the top surface of the nanorod appears to 
contain many step edges, while the side surface is smooth. The nanorods are 
37 
tetragonal in shape with square top facets, consistent with the expected growth habit 
for the tetragonal crystal structure. By measurement, the diameter of the nanorods is 
mainly from 70 to 110 nm. 
                                                                  
 
 
 
 
 
 
 
 
 
Figure 2-3 SEM images of rutile TiO2 nanorods in (a) (b) (c) top view and (d) view after 
compression/decompression cycle in DAC.  
2.3.1.3 Flower-like Nanorods 
To modify the morphology, effect of acidity and substrates were studied. It is known 
that, adding HCl to the solution can inhibit fast hydrolysis of precursor and produce 
even granules.27 In this case, the acidity was increased from 15 mL HCl, 15 mL 
deionized H2O to 20 mL HCl, and 10 mL deionized H2O to get homogeneous 
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nanorods. For the effect of substrates, experiments to grow TiO2 nanorods on glass 
were unsuccessful, indicating that nucleation and growth may require on FTO crystals. 
In fact, the FTO substrate also has the tetragonal rutile structure, and the lattice 
mismatch between the tetragonal FTO (a = b = 0.4687 nm) and rutile TiO2 (a = b = 
0.4594 nm) is 2 %. This small lattice mismatch may promote the epitaxial nucleation 
and growth of rutile TiO2 nanorods on FTO.
24 Careful adjustment of the volume of 
precursor, acidity and cooling time, eventually leads to a formation of interesting 
flower-like nanorods morphology. 
 
 
 
 
 
 
 
  
 
 
 
Figure 2-4 SEM images of rutile TiO2 flower-like nanorods in (a) (b) top view (c) view 
after compression/decompression in DAC 
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Three SEM images of synthesized rutile TiO2 flower-like nanorods are shown in 
Figure 2-4. Specifically, these flower-like nanorods were grown at 150 oC for 16 h 
with 0.8 mL titanium isopropoxide as precursor and 20 mL HCl, 10 mL deionized 
H2O, followed by with decreasing the temperature step by step (50
 oC / 4 h) after 
synthesis. Top view of SEM images of rutile TiO2 nanorods at different 
magnifications are provided in Figure 2-4 (a) (b). Comparing with the first nanorods 
in Figure 2-3, this morphology seems not to grow perpendicular to the FTO surface 
and is more separate between each nanorod. To the best of our knowledge, this 
morphology was obtained for the first time using the FTO based hydrothermal method. 
The average length of these nanorods is ～5 μm and the diameter is ～100 nm.  
2.3.1.4 Nanotubes 
 a                              b 
                                                                
 
 
               c                                             
 
 
 
 
Figure 2-5 SEM images of rutile TiO2 nanotubes in (a) (b) top view (c) view after 
compression/decompression in DAC 
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Rutile TiO2 nanotubes with SEM images shown in Figure 2-5 are synthesized by 
etching as-grown TiO2 flower-like nanorods in the HCl hydrothermal solution again 
without adding any Ti precursor. Top view of SEM images of rutile TiO2 nanotubes at 
different magnifications are provided in Figure 2-5 (a) (b). After etching in 12.0 M 
HCl at 150 oC for 6 h, it was interesting to observe that the solid TiO2 flower-like 
nanorods (Figure 2-4) were converted into hollow nanotubes which indicates a 
different etching rate of the growing front along the [0 0 1] direction and that of the 
side wall of (1 1 0) facets.28 The hydrothermal routes employed in this study directly 
yield highly crystalline well-aligned TiO2 nanotubes without post high temperature 
annealing. To better characterize this nanotubes morphology, TEM study is needed in 
the future.  
2.3.2 XRD characterization  
In Figure 2-6, XRD results of four morphologies show that these nanostructures 
deposited on FTO substrate are of high crystallinity with sharp Bragg reflections. All 
the diffraction peaks agree well with the tetragonal rutile phase (space group, 
P42/mnm; JCPDS No.21-1276, a = b = 0.4593 nm and c = 0.2959 nm). No other 
diffraction peaks of other phases such as anatase and brookite were observed. For 
both nanorods and nanowires, compared to the standard powder diffraction pattern, 
the (0 0 2) diffraction peak at 74.4o was significantly enhanced, which indicates that 
these two morphologies are highly oriented with respect to the substrate surface. More 
diffraction peaks were observed in flower-like nanorods XRD data than those 
obtained for nanorods and nanowires. This may be because of the programmed 
temperature reduction that enhanced the degree of crystalline. Comparing with 
nanowires and nanorods, the biggest difference is the intensity of (0 0 2) peak, which 
is much lower than the first two. Combined with SEM results in Figure 2-4, it is 
possible that, even though this morphology is growing on the FTO substrate, the 
directions are not mainly along the［0 0 1］. Instead, the nanorods can nucleate and 
grow at an angle to the substrate surface, likely because the FTO is polycrystalline 
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and its surface is rough.24 After etching, the nanotubes show similar XRD pattern to 
flower-like nanorods. However, the intensity of (0 0 2) diffraction peak is stronger 
than flower-like nanorods, suggesting a preferred grow orientation of nanotubes.   
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Figure 2-6 X-ray diffraction patterns from rutile TiO2 nanorods, nanowires, flower-like 
nanorods and nanotubes. Vertical bars at the bottom denote the standard diffraction 
data of rutile TiO2. 
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2.3.3 Raman results of 1D nanostructured TiO2 upon 
compression and decompression 
2.3.3.1 Nanowires 
Selected Raman spectra of TiO2 nanowires collected upon compression to the 
pressure of 35.5 GPa and its corresponding decompression were shown in Figure 2-7. 
It is well established that rutile phase of TiO2 has five Raman active modes, which are 
at 143 cm-1 (B1g), 237 cm
-1 (two-phonon scattering), 447 cm-1 (Eg), 612 cm
-1 (A1g) and 
826 (B2g) cm
-1.29 In our experiment, three Raman peaks are observed at 462 cm-1, 620 
cm-1 and 246 cm-1 at ambient condition as shown in Figure 2-7. These Raman bands 
at 246, 462 and 620 cm-1 can be ascribed to the two-phonon scattering, Eg and A1g 
modes of the rutile phase, respectively.22 The missing of B1g and B2g modes of the 
rutile phase in our case may be due to their weak intensity. Obviously, the two Raman 
bands of Eg (462 cm
-1) and A1g (620 cm
-1) show a significant broadening and blue shift 
(shown Figure 2-11) upon compression which can be attributed to both size and 
residual stress effects. A new peak at 268.5 cm-1 can be observed when the pressure 
reaches ～23.7 GPa, indicating the onset of phase transition to baddeleyite phase.30 
With increasing pressure, Eg and A1g Raman bands become weaker and up to 35.5 
GPa, the peak associated with baddeleyite phase also become substantially broadened. 
This indicates that the baddeleyite phase under a high pressure of 35.5 GPa is a low 
ordered structure. 
The reversibility of pressure effect on crystal structures provides important 
information on transformation mechanism. Therefore, after compressed to 35.5 GPa, 
Raman measurements of nanowires were also conducted upon decompression. In 
general, the intensities of these Raman bands of the baddeleyite phase increased 
gradually as the pressure were released (Figure 2-7). When the pressure is released 
to ～5.2 GPa, new Raman bands (190 cm-1, 303 cm-1 and 378 cm-1) of α-PbO2 phase 
appears,22 indicating a phase transition from baddeleyite to α-PbO2 phase occurs. The 
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intensities of α-PbO2 phase Raman bands increased significantly when the pressure 
was released to ambient pressure. It is evident that the α-PbO2 phase remains stable at 
ambient pressure. 
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Figure 2-7 Selected Raman spectra of rutile TiO2 nanowires collected upon compression 
and decompression. The red and blue arrows indicate the compression and 
decompression sequence, respectively. 
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2.3.3.2 Nanorods 
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Figure 2-8 Selected Raman spectra of rutile TiO2 nanorods collected upon compression 
and decompression. The red and blue arrows indicate the compression and 
decompression sequence, respectively. 
Figure 2-8 shows the selected Raman spectra of the rutile TiO2 nanorods measured 
during compression and decompression. All the Raman peaks show blue shift under 
high pressure (Figure 2-11). At ～20.7 GPa, the onset of a phase transition from 
rutile to baddeleyite structure were observed by the appearance of a new peak at 253.5 
cm-1 which is associated with the baddeleyite phase. At 32.6 GPa, the low intensity 
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and broaden profile of the baddeleyite peaks indicating a low ordered structure of 
baddeleyite phase. Upon releasing pressure, the baddeleyite phase gradually 
transforms into the α-PbO2 phase below 8 GPa, and retained to ambient condition, 
suggesting that the α-PbO2 phase is stable at ambient conditions. The phase transition 
sequence of nanorods was found to be the same as nanowires: rutile to baddeleyite 
phase upon compression and baddeleyite to α-PbO2 phase upon decompression, but 
the onset transition pressure of nanowires is higher than nanorods. 
2.3.3.3 Flower-like nanorods 
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Figure 2-9 Selected Raman spectra of flower-like TiO2 nanorods collected upon 
compression and decompression. The red and blue arrows indicate the compression and 
decompression sequence, respectively. 
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Selected Raman spectra of flower-like nanorods TiO2 collected upon compression and 
decompression are depicted in Figure 2-9. Upon compression, all the Raman modes of 
rutile phase shifted to higher frequencies (igure 2-11). New peaks of baddeleyite were 
first observed at ～19.2 GPa (243 cm-1 and 461 cm-1). Initially the intensities of these 
baddeleyite peaks increase with increasing pressure below 21.3 GPa, and then 
decrease with further compressing to the pressure of 34.4 GPa. During decompression, 
the phase transition from baddeleyite to α-PbO2 phase starts at ～4.5 GPa. The 
retrieved phase at ambient condition was found in α-PbO2 phase. Compared to the 
TiO2 nanorods and nanowires mentioned above, the flower like nanorods have the 
same phase transition sequence but at lower transition pressure. 
2.3.3.4 Nanotubes 
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Figure 2-10 Selected Raman spectra of TiO2 nanotubes collected upon compression and 
decompression. The red and blue arrows indicate the compression and decompression 
sequence, respectively.  
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Figure 2-10 shows the selected Raman spectra of nanotubes collected upon 
compression up to 33.9 GPa. Upon compression, all the Raman modes shifted to 
higher frequencies (see Figure 2-11). The rutile phase persisted to 20.8 GPa indicated 
by the consistent assignment of all the characteristic Raman modes of the rutile phase. 
At ～22.2 GPa, a new Raman peak at 239 cm-1 was observed, denoting the onset of a 
phase transition from rutile to baddeleyite structure. At 33.9 GPa, the Raman profile 
was significantly broadened but characteristic Raman peaks of baddeleyite phase can 
still be identified, which suggested pressure-induced disorder occurred instead of 
pressure-induced amorphization. When pressure was released to ～6.6 GPa, the 
appearance of new peaks at 310 and 380 cm-1 indicated a phase transition from 
baddeleyite to α-PbO2 phase occurred. This new phase was retained to ambient 
condition, suggesting that the α-PbO2 phase is stable at ambient condition.  
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Figure 2-11 Pressure dependence of Raman active modes (Eg and A1g) of nanowires 
(NW), nanorods (NR), flower-like nanorods (NF) and nanotubes (NT) TiO2 upon 
compression. 
48 
2.3.4 Synchrotron XRD results of 1D nanostructured TiO2 upon 
compression and decompression 
2.3.4.1 Nanowires 
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Figure 2-12 Selected X-ray diffraction patterns for TiO2 nanowires upon compression 
and decompression. The red and blue arrows indicate the compression and 
decompression sequence, respectively. 
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The pressure evolution of the selected in-situ high-pressure XRD patterns for rutile 
TiO2 nanowires up to 36.3 GPa is shown in Figure 2-12. All reflections at the near 
ambient pressure can be indexed to the pure rutile phase. By using Rietveld 
refinement (Figure 2-13 a), unit cell parameters of a = b = 4.5894 Å, c = 2.9574 Å 
were obtained, close to the values observed for bulk rutile TiO2 (JCPDS file 21-1276). 
As seen in Figure 2-12, all the reflections of rutile TiO2 shifted to higher 2θ angle 
with increasing pressure, indicating a pressure-induced reduction of d-spacing or 
shrinkage of unit cells. When the pressure was increased to ～17.6 GPa, two 
reflections appeared at 9.41º and 10.59º which can be indexing with (1 1 -1) and (1 1 
1) for the baddeleyite phase (Figure 2-13 b), indicating the onset of transition from 
rutile phase into baddeleyite phase. Such phase transition pressure is lower than that 
observed in the Raman result at 23.7 GPa. This difference may be due to the use of 
PTM that maintain the system in hydrostatic condition in XRD experiment. The 
intensity of these two peaks, especially the (1 1 -1) peak increased substantially upon 
compression, suggesting the progression of the phase transition. As the pressure 
exceeded 19.3 GPa, the reflections corresponding to rutile phase were weaken 
significantly. However, the first reflection of rutile phase was still observed at the 
highest pressure indicating a coexistence of rutile and baddeleyite phase at 36.3 GPa. 
Rietveld refinement result (Figure 2-13 c) shows the cell parameters of baddeleyite 
phase is a = 4.7092 Å, b = 4.5961 Å, c = 4.8549 Å, close to the value that reported 
before,31 and rutile phase at this pressure only has a low abundance of ～17%. Upon 
decompression, all the reflections shifted to lower 2θ angle with decreasing pressure, 
indicating expending of the unit cells. When the pressure was decreased from 36.3 
GPa to ～ 7.4 GPa, a new reflection appeared at 9.63º, which suggests that 
baddeleyite phase began to transform into a new phase. By using Rietveld refinement 
(Figure 2-13 d), all reflections except the first one at near ambient condition can be 
indexed to the α-PbO2 phase with the cell parameters of a = 4.5267 Å, b = 5.5091 Å, c 
= 4.9726 Å, which is consistent with previous work,32 suggesting a complete phase 
transition from baddeleyite to α-PbO2 phase. Interestingly, the (1 1 0) reflection of 
rutile phase was observed in all patterns upon compression and decompression, 
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suggesting a unique phase transition phenomenon unprecedented in TiO2 
nanomaterials. Refinements of XRD patterns at other pressures are shown in 
Appendix II. 
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Figure 2-13 Rietveld refinement of XRD patterns of TiO2 nanowires at 1.0 GPa (a), at 
17.6 GPa (b), at 36.3 GPa (c) upon compression, and at 0.7 GPa (d) upon decompression. 
The red cross is experimental X-ray intensity, whereas the green solid line is the 
calculated diffraction pattern based on refinement with the black curve at the bottom 
showing the difference between the calculated and observed intensities. The vertical 
bars with different colors indicate the characteristic reflections of different phases. 
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2.3.4.2 Flower-like nanorods 
In situ high-pressure X-ray diffraction measurements were performed on flower-like 
nanorods upon compression up to 34.9 GPa. Representative diffraction patterns were 
depicted in Figure 2-14. By using Rietveld refinement (Appendix II), the unit cell 
parameters for rutile phase were obtained as a = b = 4.5909 Å, c = 2.9581 Å, 
consistent with the previous diffraction measurement of bulk rutile TiO2 (JCPDS file 
21-1276). When the pressure was increased to ～18.3 GPa (Figure 2-15 a), two 
reflections, i.e. (1 1 -1) and (1 1 1), associated with the baddeleyite phase were 
observed, suggesting the onset of transition from rutile to baddeleyite phase which is 
well agree with our Raman results of ～19.2 GPa. At the highest pressure of 34.9 
GPa, the baddeleyite phase became the main phase as almost all the reflections were 
indexed with baddeleyite structure. By using Rietveld refinement (see Appendix II), 
reflections of the baddeleyite phase are discernible, suggesting the sample was still in 
a crystalline phase instead of an amorphous phase at 34.9 GPa. Upon decompression, 
when the pressure was released to ～8.7 GPa, two new reflections of 7.85º and 9.64º 
appeared, indicating a phase transition from baddeleyite to α-PbO2 phase and this 
phase is stable at ambient condition with cell parameters of a = 4.5246 Å, b = 5.5038 
Å, c = 4.9261 Å obtained from Rietveld refinement (Figure 2-15 b). Refinements of 
diffraction patterns of flower-like TiO2 nanorods at other pressures are also shown in 
Appendix II. 
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Figure 2-14 Selected X-ray diffraction patterns for TiO2 flower-like nanorods upon 
compression and decompression. The red and blue arrows indicate the compression and 
decompression sequence, respectively. 
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Figure 2-15 Rietveld refinement of XRD patterns of flower-like nanorods at 18.3 GPa (a) 
upon compression, at 0.7 GPa (b) upon decompression. The legends are the same as 
Figure 2-13. 
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2.3.4.3 Nanotubes 
X-ray diffraction measurements were performed on rutile TiO2 nanotubes on 
compression up to 35.0 GPa followed by decompression. The selected X-ray patterns 
are depicted in Figure 2-16. All diffraction reflections at near ambient pressure can be 
indexed to the pure rutile phase with lattice constants of a = b = 4.5822 Å and c = 
2.9554 Å (Appendix II). Upon compression, the rutile phase was found to persist to 
18.2 GPa, as indicated by the consistent indexing of all associated reflections. At ～
20.8 GPa, two new reflections appeared at 9.51º and 10.52º, indicating the start phase 
transition from rutile to baddeleyite phase (Figure 2-17 a) which is consistent with 
Raman results of ～22.2 GPa. This onset phase transition pressure is higher than that 
of nanowires and flower-like nanorods (Table 2-1). Then the rutile and baddeleyite 
phase coexisted when compressed, even to 24.3 GPa. The Rietveld analysis 
(Appendix II) indicates that at this pressure, the initial rutile phase still has a 
significant abundance of ～37%. Upon further compression, the rutile to baddeleyite 
phase transiton was completed at 28.6 GPa, as suggested by the disappearance of all 
diffraction reflections associated with the rutile phase in the Rietveld analysis. This 
baddeleyite phase was found to maintain at the highest pressure of 35.0 GPa with cell 
parameters of a = 4.5337 Å, b = 4.9351 Å and c = 4.6586 Å. Another phase 
transformation was observed during decompression. Upon releasing the pressure 
lower than 9.7 GPa, Rietveld analysis shows a phase transition from baddeleyite to 
α-PbO2 and this phase is stable at ambient condition with cell parameters of a = 
4.5373 Å, b = 5.5043 Å, c = 4.9331 Å (Figure 2-17 b). Refinements of diffraction 
patterns of flower-like TiO2 nanorods at other pressures are also shown in Appendix 
II. 
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Figure 2-16 Selected X-ray diffraction patterns for TiO2 nanotubes upon compression 
and decompression. The red and blue arrows indicate the compression and 
decompression sequence, respectively. 
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Figure 2-17 Rietveld refinement of XRD patterns at 20.8 GPa (a) upon compression, at 
0.3 GPa (b) upon decompression. The legends are the same as Figure 2-13. 
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2.3.5 Discussion 
Extensive high pressure studies on anatase TiO2 have been reported before. In 
particular, three phase transition regimes were reported for anatase TiO2 as a starting 
material: (1) pressure-induced amorphization at 24 GPa in <10 nm nanoparticles;19,31 
(2) phase transition from anatase to baddeleyite phase at 16.4 GPa in 12−50 nm 
nanoparticles;33 and (3) phase transition from anatase to α-PbO2 and then to 
baddeleyite phase in >50 nm coarser crystallites.30,34 These results have indicated that 
the high surface energy of the TiO2 nanoparticles not only enhanced their phase 
transition pressure but also can change their phase transition sequences. However, the 
high-pressure behaviors of 1D TiO2 nanomaterials do not follow the size-effects 
model. For instance, in high-pressure study of anatase TiO2 nanowires with two 
different diameters, 50-100 nm and 150-200 nm, anatase transformed directly into the 
baddeleyite phase without going through the α-PbO2 phase.
23 The same phase 
transition results were also observed in the high-pressure study of anatase TiO2 
nanotubes by Zhao with the size larger than 50 nm.35 These studies indicated that 
morphology and size play an important role in the high-pressure behaviours of the 
anatase TiO2 nanomaterials. 
Different phase transition sequences were reported for bulk rutile TiO2. For example, 
the early high-pressure study of bulk rutile TiO2 showed a rutile to α-PbO2 phase 
transition at 10 GPa and then the α-PbO2 phase transform to baddeleyite phase at 15 
GPa using Raman spectroscopy.36 Later, Gerward et al. reported a directly transition 
from rutile to baddeleyite phase at 12 GPa by X-ray diffraction measurement.37 
However, the phase transition sequences of rutile nanostructured TiO2 have been 
reported to be similar to these of 1D anatase TiO2 with various transition pressures. 
For instance, Olsen et al. reported the rutile to baddeleyite phase transition was 
observed at ～20 GPa in TiO2 nanoparticles.
38 In addition, the nanoporous TiO2 
material was also found to exhibit a rutile to baddeleyite phase transition at the 
pressure ～10.8 GPa.22 The onset phase transition pressure is lower than that of rutile 
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nanoparticles (～20 GPa) and that of bulk rutile TiO2 (～12 GPa).
37 The high pressure 
studies of rutile TiO2 in different morphologies and sizes are summarized in Table 2-1. 
Compare to the bulk materials, nanosized rutile TiO2 has a higher ratio of surface 
energy to volume.21 Therefore, the onset pressure for phase transition of rutile to 
baddeleyite for nanoparticles (～20 GPa) is higher than that for the bulk material (～
12.0 GPa). However, a lower phase transition pressure from rutile to baddeleyite was 
observed in nanoporous materials with 10.8 GPa. This reduction of transition pressure 
in rutile nanomaterials was explained by a large volume collapse upon phase 
transition.22 In general, the variations of transition pressure were believed to be the 
result of the competition between the volume collapse and surface energy difference 
that contributed predominantly to the change of total free energy.18 In this work, the 
phase transition sequences of three 1D (nanowires, flower-like nanorods, nanotubes) 
rutile TiO2 are consistent with previous study: from rutile to baddeleyite phase upon 
compression and baddeleyite to α-PbO2 phase upon decompression. Interestingly, a 
unique phase transition phenomenon was observed for nanowires that rutile phase 
coexist with baddeleyite phase at the highest pressure and with α-PbO2 at the 
recovered pressure. For phase transition pressures, the onset transition pressures (17.6 
GPa, 18.3 GPa and 20.8 GPa for nanowires, flower-like nanorods and nanotubes, 
respectively) are found to be much higher than bulk and nanoporous materials which 
may due to the high surface energy of 1D nanostructures. From SEM images, 
flower-like nanorods and nanotubes have close nano-size of ～100 nm, but the 
transition pressure of nanotubes is higher than flower-like nanorods. This may be due 
to the high surface energy of nanotubes. High-pressure studies of these 1D rutile TiO2 
nanomaterials indicate that morphology plays a dominant role which affects the 
high-pressure behaviours of TiO2 nanomaterials. 
Morphology changes of four 1D rutile TiO2 samples after compression and 
decompression were also characterized by SEM. As shown in Figure 2-2 c, 2-3 d, 2-5 
c, after high-pressure experiments, the morphologies of nanowires, nanorods and 
nanotubes exhibited dramatically change and the previous forms are no longer 
60 
recognizable. However, the flower-like nanorods morphology (Figure 2-4 c) is still 
recognizable after decompression which indicates the stability of flower-like nanorods 
morphology is higher than other morphologies under high pressure.  
Figure 2-18 shows the pressure-dependent variations of normalized unit cell lengths 
(a/a0, c/c0) for rutile TiO2 nanowires, flower-like nanorods and nanotubes as a 
comparison. The a/a0 and c/c0 values of all three samples are decreased with 
increasing pressure and a-axis is found to be more compressible than the c-axis, 
which is consistent with previous studies.37 This behaviour has been attributed to 
chains of edge-sharing octahedral lying parallel to the c axis in the crystal structure of 
rutile TiO2 phase.
39 Moreover, a-axis and c-axis of TiO2 nanotubes show higher 
compressibility than nanowires and flower-like nanorods. Specifically, 
compressibility of materials can be characterized by bulk modulus. The pressure 
volume data of the rutile phase was fitted to the third-order Birch-Murnaghan 
equation of state (equation 2.1): 
 
P/B0 = 3/2(x
7/3－x5/3) [1＋3/4(B’0－4) (x
2/3－1)]  (2.1) 
 
Where x = V0/V, V being the volume at pressure P and V0 is the zero-pressure volume. 
The constants B0 and B’0 are the isothermal bulk modulus and its pressure derivative, 
respectively. Both parameters are evaluated at zero pressure. They are calculated from 
the fit to the equation of state by a least-squares method. 
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Figure 2-18 Relative lattice parameters (a/a0, c/c0) of rutile TiO2 nanowires (NW), 
flower-like nanorods (NF) and nanotubes (NT) as a function of compression. The 
straight lines are only for eye guidance.  
The pressure-volume data of these three morphologies are shown in Figure 2-19. By 
fitting the third-order Birch-Murnaghan equation of state, with the first derivative (B’o) 
fixed at 6.6, the bulk modulus (Bo) of flower-like nanorods, nanotubes and nanowires 
are determined to be 206 GPa, 193 GPa and 208 GPa, respectively. Bulk modulus of 
rutile TiO2 bulk, nanocrystals and nanoporous materials are also shown in Figure 2-22 
for comparisons. As can be seen, bulk modulus of TiO2 nanotubes have the lowest 
value of 198 GPa and nanocystals have the highest bulk modulus than other rutile 
TiO2 nanomaterials. Size- and morphology-induced alteration of bulk modulus has 
been found in many nanomaterials. For instance, another phase of TiO2, i.e., anatase, 
its nanotubes morphology has the lowest bulk modulus (164 GPa) compared with 
nanowires (266 GPa for 50-100 nm) and nanoparticles (243 GPa for 30-34 nm).26 
Other nanomaterials, such as CeO2 nanoparticles exhibited an enhancement of the 
bulk modulus compared with the bulk materials,40 whereas no obvious difference in 
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compressibility was observed for ZnS nanocrystals.15 In this work, TiO2 nanotubes 
and flower-like nanorods have similar diameters with different bulk modulus values, 
indicating a morphology-induced alteration of bulk modulus. Some of anatase TiO2 
1D nanomaterials studies suggested that bulk modulus may be influenced by the 
crystal growth directions of TiO2 nanomaterials. Park et al.,
41 found anatase TiO2 
nanorods (grown along the a-axis) showed lower modulus (243 GPa), but the anatase 
TiO2 nanorice (grown along the c-axis) showed a higher modulus (319 GPa). In 
addition, low bulk modulus might be due to the crystal-chemical defects, such as 
oxygen vacancies,42 and their dependence on the size and shape. 
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Figure 2-19 Equation of state for rutile TiO2 in morphologies of nanowires (NW), 
flower-like nanorods (NF), and nanotubes (NT) upon compression. The blue dashed line 
is the equation of state for rutile phase in bulk TiO2 accepted from Ref. 37, the black 
dashed line is the equation of state for TiO2 nanocrystals adapted from Ref. 38 and the 
red dashed line is the equation of state for TiO2 nanoporous materials adapted from Ref. 
22. 
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2.4 Conclusions 
In summary, four 1D rutile TiO2 nanomaterials of different morphologies were 
synthesized by FTO based hydrothermal method. To the best of our knowledge, the 
flower-like nanorods was the first time obtained by this method. The XRD and Raman 
data of these four morphologies indicating they are all in pure rutile structures. In situ 
Raman Spectroscopy was applied to study the high pressure behavior of all four 
morphologies upon compression and decompression and synchrotron XRD was used 
to study three morphologies under high pressure for the first time. The phase 
transition sequences are consistent with previous study of other rutile TiO2 
nanomaterials: rutile to baddeleyite structure on compression and baddeleyite to 
α-PbO2 structure on decompression. A unique phase transition phenomenon was 
observed for nanowires as rutile phase sustained in the whole compression and 
decompression processes. The transition pressures of these 1D nanomaterials were 
found to be significantly higher than bulk and 2D nanoporous material (Table 2-1). 
Two morphologies of flower-like nanorods and nanotubes have similar diameters 
show different phase transition onset pressure at ～18.3 GPa and ～20.8 GPa, 
respectively, suggesting that morphology difference plays a dominant role in 
influencing the phase transition pressure of 1D nanostructured rutile TiO2. Moreover, 
the study of compressibility of unit cell along a axis and c axis shows that a axis has 
higher compressibility than c axis, which is consistent with previous work. Bulk 
moduli study for three 1D rutile TiO2 are derived from the P-V data. Compared with 
other nanomaterials, nanotubes have the lowest value of 193 GPa. The 
morphology-induced alteration of compressibility might be due to the crystal growth 
direction or/and the crystallo-chemical defects, such as oxygen vacancies. For 
morphology characterization after compression and decompression, some parts of the 
flower-like nanorods were converted to small nanoparticles, which resulted in an 
increased surface area. Moreover, this flower-like morphology can be partially 
recovered after decompression which indicates the higher stability of this morphology 
under high pressure. 
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Table 2-1 Summary of high-pressure studies of rutile TiO2 
Starting TiO2  Phase transitions pressure (GPa)  Bulk modulus (GPa) 
Morphology Size (nm)  rutile to 
 baddeleyite 
 type 
rutile to 
 α-PbO2 
 type  
α-PbO2 to 
 baddeleyite 
 type 
baddeleyite to 
α-PbO2  
type 
 Rutile phase 
Technique 
Bulk N/A  12.0-20.037  
1036 
 
1536       
7.0 
ambient 
 230 (20) XRD 
Raman 
Nanoparticles 10  20.0-30.038   4.0-2.0  204 (4) XRD 
Nanoporous 
material 
N/A  10.8-26.122   4.0  211 (7) 
Raman 
XRD 
Nanowires* 10-30  17.6   7.4  208 (2) 
Raman 
XRD 
Nanorods* 70-110  20.7   5.5   Raman 
Flower-like nanorods* ~100  18.3   8.7  206 (3) 
Raman 
XRD 
Nanotubes* ~100  20.8   < 9.7  193 (3) 
Raman 
XRD 
* This work
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Chapter 3 High-pressure Studies of Nanostructured 
Li4Ti5O12 by Raman Spectroscopy and Synchrotron 
X-ray Diffraction 
3.1 Introduction 
Lithium-ion batteries (LIBs) have been widely used as power sources for electric 
vehicles because of their high energy density, high power density, and 
environmentally friendly features.1-4 However, the technologies of LIBs are currently 
facing some challenges in safety, cost, and service-life.5 For instance, carbon 
materials as anode material suffer from capacity degradation incurred by irreversible 
side reactions which lead to the formation of solid-electrolyte interphase (SEI) during 
charge-discharge cycles.6,7 Thus, better alternative anode materials have been sought 
after in the past decades. Among all potential candidate materials, lithium titanium 
oxide (Li4Ti5O12 or LTO) has attracted much attention due to its uniquely tunable 
properties as anode materials and thus outstanding performance in LIB operations.8-14 
Compared with other anode materials, the main benefits of Li4Ti5O12 include no SEI 
formation and zero lattice strain during lithium intercalation/deintercalation 
processes.11 Moreover, Li4Ti5O12 also has other advantages such as low toxicity, low 
raw material cost and long cycle life. Compared to the bulk LTO structures, the 
nanostructured LTO showed significantly improved reversible capacities and rate 
capability. The improvement was believed due to the reduction of Li ion diffusion 
pathway in the particles and better accessibility of the electrolyte to the 
nanoparticles.15 As a result, many methods have been developed to synthesize 
nanostructured LTO. For instance, microwave-assisted hydrothermal (MH) methods 
recently has been successfully applied due to the advantages such as extremely rapid 
kinetics of crystallization leading to shorter reaction time, as well as mild processing 
conditions such as lower temperatures required.16,17  
The crystal structure of Li4Ti5O12 has been well established as a spinel-type cubic 
lattice with space group of Fd 3 m (Fig. 1). Specifically, the general formula of LTO 
using Wyckoff notation, can be denoted as [Li3]8a[LiTi5]16d[O12]32e. All the 8a sites are 
occupied by lithium and the 16d sites are shared by lithium and titanium with a ratio 
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of 1:5. In the charging process, three moles of Li atoms at 8a sites and three moles of 
new intercalated Li move to the empty 16c sites. Then, Li4Ti5O12 converts to a rock 
salt structure of Li7Ti5O12 ([Li6]16c[LiTi5]16d[O12]32e).
18 The spinel to rock salt phase 
transition is essential in the understanding of lithiation/delithiation mechanism and 
battery performance, and thus has been extensively investigated. Other possible 
structual transitions of LTO, such as under high tempeatures, has also been 
explored.19 For instance, Leonidov et al.20 reported a phase transition from spinel 
structure to a defect structure of the NaCl type due to a redistribution of lithium ions. 
Overall, new polymorphs of electrode materials observed under non-ambient 
conditions have attracted recent attentions due to the new structural information with 
strong implications in battery performance.21-23    
In general, the structures and properties of nanomaterials are largely determined by 
the chemical synthetic routes. However, it has been demonstrated that the application 
of external pressure can provide an additional driving force to modify the structures as 
well as morphology of nanomaterials.24-30 A unique benefit of structural tuning by 
high pressure study is that pressure-induced phase transformations may provide a new 
synthetic route for the production of novel structures with improved performance. As 
a matter of fact, a number of electrode materials have been produced under high 
pressures with subsequently optimized performance in battery applications.31-35 
Moreover, for electrode materials, structural stability is an important factor which 
influences the applications of LIBs because structural stability is strongly associated 
with superior capacity retention and long cycle life. In particular, lattice strain as an 
important parameter of structural stability and compressibility can be probed and 
tuned under external compression conditions. In addition, other intrinsic structural 
characteristics such as lattice defects, interstitial vacancies, as well as interfacial states, 
which can be revealed and regulated by compression, may also play important 
contributing roles in battery performance. Currently, different morphologies of 
nanostructured LTO materials have been tested with contrasting performance.17 
However, the determining factors associated with the different battery performance 
remain unclear. Therefore, studying the structure stability of nanostructured Li4Ti5O12 
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and examining the possibility of formation of new structures under external stress, as 
well as the understanding of the correlation between structures and performance, is of 
fundamental interest.  
Here, we report the first high-pressure study of two different morphologies of 
nanostructured Li4Ti5O12 using in situ Raman and synchrotron X-ray diffraction 
techniques. The Raman spectra and X-ray diffraction patterns revealed interesting 
contrasting high-pressure behaviours between these two nanostructured Li4Ti5O12 
materials, which allows the detailed analysis of structural stability and reversibility. 
This new structural information at microscopic level provides deep insight into the 
understanding of battery performance and may provide useful guidance for the design 
of new anode materials for LIB applications.  
3.2 Experimental 
Two different nanostructured Li4Ti5O12 (LTO) were synthesized by 
microwave-assisted hydrothermal method with a mixture of LiOH, H2O2 and titanium 
tetraisopropoxide (TTIP) following the procedures reported previously.17 The 
materials were characterized by X-ray diffraction (XRD, Rigaku RU-200BVH with 
the Co K-radiation source, wavelength = 1.7892 Å) and field emission scanning 
electron microscopy (SEM, Hitachi S4800) to check the crystal structures, purity and 
morphology. The SEM images (Figure 3-1) revealed that with different experiment 
condition,17 two morphologies of Li4Ti5O12 samples were obtained, i.e., 
nanoflower-like spheres with thickness of ~10 nm and nanoparticles with size ranging 
from tens to hundreds of nm for which we label as LTO-1 and LTO-2, respectively. In 
a previous electrochemical study, both materials exhibit good discharge capacities but 
LTO-1 has a better performance in terms of reversibility and cycling lifetime than 
LTO-2. 
A symmetrical diamond anvil cell (DAC) with two type-I diamonds of 400 μm culets 
was used for the high-pressure in situ Raman measurements and synchrotron X-ray 
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diffraction experiment. A hole with a diameter of 130 μm was drilled at the centre of 
the stainless steel gasket and used as a sample chamber. The samples were loaded 
without pressure transmitting medium (PTM) for Raman measurements, whereas 
silicon oil was used as the PTM for X-ray diffraction measurements. A few ruby chips 
were inserted into the sample chamber as the pressure calibrant before loading the 
LTO samples and pressure was determined by the well-established ruby fluorescence 
method.  
In situ high-pressure Raman spectroscopy was performed using a customized Raman 
system in house. Briefly, A 782 nm solid state laser with an output power of 50 mW 
was used as the excitation source. The scattered light was then dispersed using an 
imaging spectrograph (SpectroPro-2500i, Acton Research Corporation) equipped with 
a 1200 lines/mm grating achieving a 0.1 cm−1 resolution. The Raman signal was 
recorded using an ultrasensitive, liquid nitrogen cooled, back-illuminated, 
charge-coupled device (CCD) detector from Acton. The Rayleigh scattering was 
removed by an edge filter. The system was calibrated by neon lines with an uncertainty 
of ± 1 cm−1. Raman data for each pressure point were collected in the spectral region of 
100-800 cm-1, corresponding to the lattice vibrations with accumulation time of 200 s. 
Angle-dispersive X-ray diffraction measurements on both LTO samples were carried 
out on compression and decompression at pressures up to 27 GPa and reproduced at 
two different synchrotron facilities, i.e., Shanghai Synchrotron Radiation Facility 
(SSRF), China and Advanced Photon Source (APS) in Argonne National Laboratory 
(ANL), USA. Specifically, a hard X-ray micro-focusing undulator beamline, BL15U1 
at SSRF equipped with Si (111) double crystal monochromator producing =0.6888 
Å X-ray beam was used for in-situ diffraction experiments. The beam size at the 
sample was estimated to be 10 m in diameter. The diffraction data were recorded on 
a MAR-165 CCD detector with an exposure time of 60 s. Similar diffraction 
measurements were also carried out at beamline 16BM-D at APS. The radiation with 
=0.4246 Å and with a comparable beam size of 5 × 12 μm2 was used and the 
diffraction data were recorded on a MAR345 imaging plate with an exposure time of 
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60 s. CeO2 was used as calibration material at both beamlines. The 2D 
Debye-Scherrer diffraction patterns were integrated by using Fit2D program for 
further analysis. The structural refinement was performed using GSAS software 
package.  
  
 
 
 
 
 
 
 
 
Figure 3-1 SEM images of (a) nanoflower-like spheres Li4Ti5O12 (LTO-1); (b) 
nanoparticles Li4Ti5O12 (LTO-2);
17 (c) (d) view after compression/decompression in 
DAC for these two morphologies respectively. 
3.3 Results and discussion 
3.3.1 Raman results of nanostructured Li4Ti5O12 upon 
compression and decompression 
3.3.1.1 Nanoflower-like spheres Li4Ti5O12 (LTO-1) 
500 nm 
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Figure 3-2 Selected Raman spectra of LTO-1 upon compression and decompression. 
The red and blue arrows indicate the compression and decompression sequence, 
respectively. 
Selected Raman spectra of LTO-1 collected upon compression to a pressure of 23.4 
GPa and its corresponding decompression were shown in Figure 3-2. Five active 
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Raman modes are predicted for cubic Li4Ti5O12: A1g + Eg+ 3F2g.
20 Three modes (F2g, 
Eg and A1g,) are observed at ambient condition in our LTO-1 sample as assigned in 
Figure 3-2. One of the peaks of F2g modes at 222 cm
-1 is predominantly related to 
oxygen atom displacement and involves also lithium ion motions, especially in the 
low frequency region of the spectra.19 The second peak at 425 cm-1 is assigned to the 
stretching vibrational mode of Li-O ionic bonds located in LiO4 tetrahedral (Eg).
36 The 
third peak of A1g at 665 cm
-1 originates from the stretching vibrational mode of Ti-O 
covalent bonding in TiO6 octahedra.
37  
Upon compression to 15.5 GPa stepwise, all Raman peaks are obviously broadening 
and blue shifting (Figure 3-4). At the highest pressure of ~23.4 GPa, all Raman bands 
mostly vanished. These observations suggest gradual pressure-induced disordering 
and possibly to an amorphous state without well-defined crystalline-to-crystalline 
transitions. The reversibility of pressure effect on crystal structures also provides 
important information on transformation mechanism. Therefore, after compressed to 
23.4 GPa, Raman measurement of LTO-1 upon decompression were also conducted. 
In general, the intensity of these three peaks increased gradually as pressure decreased 
and all Raman modes shifted to lower frequencies. Gradual back transformation from 
disordered to crystalline structures was observed as indicated by the recovery of major 
Raman bands. After pressure was released to 0.1 GPa, all three peaks of Li4Ti5O12 are 
mostly recovered with modifications in intensity which indicates this structural 
change mostly reversible. 
3.3.1.2 Nanoparticles Li4Ti5O12 (LTO-2)  
Selected Raman spectra of nanoparticles Li4Ti5O12 collected upon compression to a 
pressure of 23.9 GPa and its corresponding decompression are shown in Figure 3-3. 
Four of the predicted Raman modes (F2g(1), F2g(2), Eg. A1g) are observed in LTO-2 
sample. Moreover, additional minor peaks for LTO-2 (e.g., 310, 326, and 392 cm-1) 
were also observed. These peaks most likely associated with morphology effect and 
detailed local lattice structures of LTO-2.  
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Figure 3-3 Selected Raman spectra of LTO-2 upon compression and decompression. 
The red and blue arrows indicate the compression and decompression sequence, 
respectively.  
Upon compression, similar to LTO-1, all Raman bands of LTO-2 shift to higher 
frequencies with decreasing intensity and band broadening (Figure 3-3). The observed 
Raman modes of LTO-1 and LTO-2 and their pressure dependence are listed in Table 
3-1 as well. At 4.8 GPa, the F2g mode at 248 cm
-1 was substantially depleted and up to 
10.8 GPa, the minor Raman bands in the region of 300-425 cm-1 are also significantly 
weakened, leaving only the major characteristic lattice modes (i.e., F2g, Eg and A1g) 
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observed. The pressure behavior of all these modes, which are associated with Li-O 
stretching vibrations, suggest instability of Li-O lattice possibly due to the lattice 
defect in LTO-2. LTO-2 was also found to go to a disordered or an amorphous state at 
similar pressure above 20 GPa as indicated by broadened featureless Raman profile. 
Upon decompression, when the pressure was released to 0.1 GPa, three peaks (F2g(1), 
Eg, A1g) of LTO-2 were mostly recovered with modifications in intensity whereas the 
minor bands in the region of 300-425 cm-1 for LTO-2 were not recovered. Since all 
non-recovered bands in LTO-2 are believed to be associated with vibrations of 
disordered Li-O tetrahedrons, clearly these defect sites do not sustain external stress at 
this level and thus have been substantially modified by compression. 
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Figure 3-4 Pressure dependence of Raman active mode frequencies of LTO-1 (F2g, Eg, 
A1g) and LTO-2 (F2g (1), F2g (2), Eg, A1g) upon compression. 
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Table 3-1 Observed Raman active modes of Li4Ti5O12 nanostructures and their pressure 
dependence 
LTO-1                          LTO-2 
Raman shifts 
(cm-1) 
Raman shifts 
(cm-1) 
Pressure 
(GPa) 
F2g     Eg     A1g 
Pressure 
(GPa) 
F2g(1)   F2g(2)    Eg       A1g 
0.1 
1.5 
3.6 
5.8 
8.0 
10.1 
 
222.5 
225.8 
226.9 
228.4 
 
425.3 
436.7 
440.6 
446.1 
453.9 
455.2 
 
665.7 
668.6 
677.1 
681.6 
688.8 
695.3 
 
0.1 
1.5 
4.8 
7.3 
9.4 
10.8 
12.7 
248.1 
252.3 
264.5 
346.8 
351.2 
363.8 
371.4 
450.9 
457.3 
472.3 
485.2 
492.7 
495.8 
499.1 
687.4 
691.6 
707.7 
718.5 
724.8 
729.1 
736.6 
 
3.3.2 Synchrotron XRD results of nanostructured Li4Ti5O12 
upon compression and decompression 
3.3.2.1 Nanoflower-like spheres Li4Ti5O12 (LTO-1) 
Selected XRD patterns for LTO-1 are depicted in Figure 3-5. In situ high-pressure 
XRD measurements were performed up to 27.1 GPa. All four reflections at the near 
ambient pressure can be indexed to spinel-type Li4Ti5O12. At the starting pressure of 
near ambient, by using Rietveld refinement (Figure 3-6 a), unit cell parameter a = 
8.2666 Å was obtained, consistent with the value of Li4Ti5O12 reference materials 
(JCPDS No. 49-0207).38 As seen in Figure 3-5, all the reflections of LTO-1 shifted 
to higher 2θ angle with increasing pressure, indicating a pressure-induced reduction 
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of d-spacing or shrinkage of unit cells. Upon compression, the reflections become 
generally broadened and weakened, such that only the primary reflection of (111) 
can be observed at highest pressure of 27.1 GPa (see Figure 3-6 b). These 
observations suggest that LTO-1 maintains its crystal structure but with reduced 
crystallinity. Upon decompression, this (1 1 1) reflection obviously shifted to lower 
2θ angle, indicating expanding of the unit cells. When the pressure was released to 
0.2 GPa (as seen in Figure 3-6 c), all three diffraction peaks of cubic Li4Ti5O12 are 
observed again which suggests this structural change is mostly reversible. By using 
Rietveld refinement, the unite cell parameter of recovered LTO-1 was found to be a 
= 8.2711 Å, close to the value of LTO-1 before compression (a = 8.2666 Å).  
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Figure 3-5 Selected X-ray diffraction patterns for LTO-1 upon compression and 
decompression. The red and blue arrows indicate the compression and decompression 
sequence, respectively. 
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Figure 3-6 Rietveld refinement of LTO-1 XRD patterns at (a) 0.1 GPa, (b) 27.1 GPa 
upon compression and (c) 0.2 GPa upon decompression. The red cross is experimental 
X-ray intensity, whereas the green solid line is the calculated diffraction pattern based 
on refinement with the black curve at the bottom showing the difference between the 
calculated and observed intensities. The vertical bars with different color indicate the 
characteristic reflections of spinel-type phase. 
3.3.2.2 Nanoparticles Li4Ti5O12 (LTO-2) 
The pressure evolution of the XRD patterns for LTO-2 is shown in Figure 3-7. 
Reflections that are not associated with Li4Ti5O12 structure may be from impurities. 
At the starting pressure of near ambient, by using Rietveld refinement (Appendix II), 
unit cell parameter a = 8.3071 Å was obtained, consistent with the value of 
spinel-type Li4Ti5O12 materials (JCPDS No. 49-0207). Similar to LTO-1, all 
diffraction peaks are shifted to higher 2θ angle with increasing pressure. Reflections 
of (5 1 1) and (4 4 0) disappeared at 18.6 GPa. However, another reflections of (1 1 
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1), (3 1 1) and (4 0 0) are still observable up to 26.3 GPa with significantly broaden 
profile and weak intensity, which indicates LTO-2 is in disordered phase up to this 
pressure. Upon decompression, the first reflection of (1 1 1) can be gradually 
observed with increasing intensity and this reflection is stable after release the 
pressure to 0.5 GPa. However, other reflections of spinel structure LTO-2 are 
difficult to observe, indicating this structure is partially recovered. Unite cell 
parameters and volumes of LTO-1 and LTO-2 upon compression at different 
pressures are reported in Table 3-2. 
Table 3-2 Unit cell parameters and volumes of nanostructured Li4Ti5O12. 
 
LTO-1 LTO-2 
Pressure 
(GPa) 
Cell parameter  
(Å) 
Cell volume 
(Å3) 
Pressure 
(GPa) 
Cell parameter 
(Å) 
Cell volume 
(Å3) 
0.1 
2.3 
4.9 
8.1 
10.7 
12.5 
14.3 
16.2 
8.34 
8.29 
8.25 
8.20 
8.15 
8.14 
8.06 
8.06 
581.98 
570.64 
563.41 
551.75 
543.07 
540.88 
524.89 
523.72 
1.3 
2.7 
6.4 
9.3 
11.1 
13.9 
16.2 
18.7 
8.33 
8.33 
8.25 
8.21 
8.17 
8.15 
8.14 
8.11 
579.03 
578.13 
563.07 
554.61 
547.25 
541.74 
539.55 
534.76 
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Figure 3-7 Selected X-ray diffraction patterns for LTO-2 upon compression and 
decompression. The red and blue arrows indicate the compression and decompression 
sequence, respectively. 
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3.3.3 Discussion  
The reversibility of pressure effect on crystal structures provides important 
information on transformation mechanism.27 Here, both Raman and XRD results 
suggesting that the structures change of LTO-1 and LTO-2 upon compression are 
reversible but with different reversibility. Three obvious reflections can be observed 
at the recovered XRD pattern of LTO-1 while reflections of LTO-2 at the recovered 
XRD pattern are significantly broaden, indicating that pressure-induced structural 
modification of LTO-1 is more reversible than LTO-2. From XRD data, we can also 
observe that recovered LTO-1 has higher crystallinity than that of LTO-2. 
Interestingly, the electrochemical studies of these two LTO samples show that LTO-1 
also has better reversibility and cycling performance than LTO-2 possibly due to a 
larger contact area between electrode and electrolyte in LTO-1, which is beneficial for 
the Li+ exchange.17  
Morphology changes of LTO-1 and LTO-2 after the compression and decompression 
were also characterized by SEM (Figure 3-1 c and d). After high-pressure 
experiments, the morphology of nanoflower-like sphere (Figure 3-1c) exhibited 
dramatically change and the previous flower-like form was no longer observable. 
However, the nanoparticles morphology is still recognizable after decompression 
(Figure 3-1 d). Such preserved particle morphology together with the larger bulk 
modulus (discuss below) implies the higher toughness of the nanoparticles Li4Ti5O12 
(i.e., LTO-2). 
The evolution of the lattice parameter and unit cell volume of both LTO-1 and LTO-2 
samples with pressure were obtained from the structural refinement of the diffraction 
patterns. Figure 3-8 shows the pressure-dependent variations of relative lattice 
parameters for LTO-1 and LTO-2 as a comparison. As shown in Figure 3-8, the 
normalized unit cell parameter in the form of a/a0 ratio for both LTO-1 and LTO-2 
decreased with increasing pressure.  
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Figure 3-8 Cell parameter ratio (a/a0) as a function of pressure for LTO-1 and LTO-2. 
Solid lines are only for eye guidance.   
In addition, the pressure volume data of the various phases have been fitted to Birch 
equation of state (EOS):39 
 
P/B0 = 3/2(x
7/3－x5/3) [1＋3/4(B’0－4) (x
2/3－1)]  (3.1) 
 
Where x = V0/V, V being the volume at pressure P and V0 is the zero-pressure volume. 
The constants B0 and B’0 are the isothermal bulk modulus and its pressure derivative, 
respectively. Both parameters are evaluated at zero pressure. They are calculated from 
the fit to the equation of state by a least-squares method. The equations of state for 
LTO-1 and LTO-2 upon compression are shown in Figure 3-9. By fitting the third 
order Birch-Murnaghan equation of state, the bulk moduli (B0) of these two LTO 
samples were determined to be 123 GPa (LTO-1) and 167 GPa (LTO-2) with the first 
derivative (B’0) being fixed at 4. Evidently, both the unit cell parameters and EOS 
suggest that nanoflower-like Li4Ti5O12 spheres is more compressible than Li4Ti5O12 
nanoparticles. The morphology dependent variation of bulk modulus has been 
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reported in other high-pressure studies of nanomaterials before. It is the general 
understanding that the surface energy associated with different nanostructures may 
play a major role in influencing the compressibility of the materials. In particular, 
reduced dimensions and enhanced surface areas may results in the elevation of bulk 
modulus, such as observed in TiO2,
24 ZnO,30 SnO2,
26 etc., which all exhibit larger 
bulk modulus (i.e., lower compressibility) than the corresponding bulk materials. 
Therefore, we can speculate that the bulk modulus of bulk LTO materials will be 
lower compared to nanostructured LTO materials in the current study. 
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Figure 3-9 Normalized unit cell volume (V/V0) as a function of pressure derived from 
structural refinement of X-ray diffraction patterns for LTO-1 (open square) and LTO-2 
(solid square), and the corresponding equation of state (red and blue solid lines, 
respectively). The green solid line denotes the equation of state for Li0.75(TiO2) 
nanotubes derived from Ref. 21.  
Prior to the current high-pressure study, it has been reported nanostructured LTO has 
an improved performance than bulk materials in the LIB applications.11 Moreover, 
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LTO-1 exhibited a substantially higher discharge capacity than LTO-2.17 Thus it is of 
fundamental interest to understand the origin of the difference and correlation 
between the performance in LIB operations and their high-pressure behaviors of the 
two morphologies of LTO materials. As mentioned before, the lattice strain plays an 
important role during lithium intercalation/deintercalation processes.5 The lattice 
strain, however, may vary substantially as a function of grain size and morphology. 
Ouyang et al.40 recently established atomistic origin of the lattice strain in 
nanostructured materials. In particular, it was found that the lattice strain has a 
positive correlation with bulk modulus, i.e., larger lattice strain with increasing bulk 
modulus. Based on this relationship, we can infer that LTO-2 as nanoparticles has a 
larger intrinsic lattice strain than that of LTO-1, nanoflowers, consistent with the 
observation of the better performance of LTO-1 in LIB operations. We note that 
reduced dimension such as from bulk to nanostructures often includes larger lattice 
stain, which is unfavorable for the lithium intercalation/deintercalation. However, the 
enhanced surface area of the nanostructures outweighs the negative impact of lattice 
strain in LTO-1, whereas in LTO-2, lattice strain is the dominant factor for the 
performance in the LIB operations.  
In addition, Xiong et al.21 established that the lattice stability may have strong 
implications in the long-term operation of Li-ion batteries. In their recent 
high-pressure study of lithiated cubic titania (c-TiO2) nanotube Lix(TiO2) with 
compositional variations where x ranges from 0 and 1, a vacancy filling mechanism 
was invoked to interpret the structural stability by means of application of applied 
pressure that drives the interstitial Li+ to the cation vacancy of oxide polyhedrons. 
Specially, it was found that pure cubic TiO2 (with the same spinel structure as 
Li4Ti5O12) undergoes a pressure induced amorphization at only 17.5 GPa, whereas 
lithiated TiO2 structures with liathiation ratio of 0.5, 0.75 and 1.0 all sustained high 
compression and remained crystalline at pressures even over 50 GPa. The molecular 
dynamic simulations further reveals that the 75% lithiated cubic TiO2 (a unique 
lithium concentration) exists in a two-phase mixture of crystalline and amorphous 
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phase at high pressures > 35 GPa. Our results of LTO-1 are in excellent agreement 
with that of Xiong’s in that 1) Li4Ti5O12 can be considered a liathiation ratio of 4/5 or 
80%, closer to 75% lithiated cubic TiO2; and that 2) LTO-1 also remains crystalline at 
the highest pressure, but with pressure-induced disordering and partial reversibility 
upon decompression. Moreover, the slightly lower bulk modulus for 75% lithiated 
cubic TiO2 (i.e., ～100 GPa) in excellent alignment with those for LTO-1 and LTO-2 
obtained in this study. The relative order of the compressibility, i.e., (Li0.75TiO2> 
LTO-1> LTO-2 as shown in Fig. 3-9) also suggests the same order of available lattice 
vacancy that allows additional Li ion intake and occupation of the interstitial sites by 
diffusion, an essential process for LIB operation. Although having the same Li/Ti 
ratio as LTO-1, the lattice defect and intrinsic local disorder of LTO-2, on the other 
hand, shows a poor structural stability and reversibility. These analyses not only 
interpreted the better performance and durability of LTO-1 than LTO-2, but 
extrapolated that lithiatiated c-TiO2 could be made a slightly improved anode material 
with performance even better than LTO-1. Overall, this study established an 
important guideline that the combination of multiple factors including the surface area, 
lattice strain, local defect and disorderness, available vacancies, and ultimately the 
lattice stability must be considered comprehensively together in the design of new 
nanostructured electrode materials in the future. 
3.4 Conclusions 
In summary, two different morphologies of nanostructured Li4Ti5O12 materials, i.e., 
nanoflower-like sphere (LTO-1) and nanoparticles (LTO-2) were investigated under 
high pressure using in situ Raman spectroscopy and synchrotron X-ray diffraction. No 
phase transformations other than pressure-induced structural disordering were 
observed in both samples. Both the Raman and diffraction measurements suggest that 
reversibility of the structural changes of LTO-1 is substantially higher than LTO-2. 
Structural refinement of the diffraction patterns allows the analysis of equation of 
states of both materials by yielding the respective bulk modulus of 123 GPa and 167 
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GPa, indicating morphology dependent compressibilities of nanostructured Li4Ti5O12. 
Moreover, the higher compressibility of LTO-1 than LTO-2 was examined in 
comparison with other nanostructured lithium titanium dioxide. The difference in 
compressibility and reversibility suggest different lattice vacancies and structural 
stabilities between the two different LTO nanostructures. Based on the positive 
correlation between lattice strains with bulk modulus, it can be inferred that LTO-2 
has a larger intrinsic lattice strain than that of LTO-1. All these analysis consistently 
interpret the observation of the better performance of LTO-1 that LTO-2 in LIB 
operations reported previously. Our study thus contributes to the design of new 
nanostructured anode materials by providing a practical guideline by considering 
multiple combined factors that may influence that their performance in the LIB 
operations. 
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Chapter 4 Summary and Future work 
4.1 Summary 
In recent year, high-pressure study of nanomaterials has attracted increasing attentions. 
Many outstanding issues, such as phase transition sequence, phase transition pressure, 
high pressure phases, compressibility, systematic understanding of morphology and 
size effect have been reported for various nanomaterials. Among all nanomaterials, 
TiO2 is the most studied one due to its wide applications. The chemical and physical 
properties of TiO2 nanomaterials have been extensively studied. However, the basic 
properties of nanostructured TiO2 in different crystal phases and morphologies using 
different synthesis methods, which are closely related to its applications, are not yet 
fully understood. Another titania based nanomaterial, Li4Ti5O12, as a potential anode 
material for lithium-ion batteries also attracting research attention in recent year 
because it shows a number of improved characteristics compared with carbon-based 
anode materials. Therefore, in this thesis, TiO2 and Li4Ti5O12 nanomaterials were 
studied under high pressure using in situ Raman spectroscopy and synchrotron X-ray 
diffraction.  
In Chapter 2, four 1D rutile TiO2 nanomaterials (i.e. nanowires, nanorods, flower-like 
nanorods and nanotubes) were synthesized by FTO based hydrothermal method were 
studied under high pressure for the first time. A new morphology of flower-like 
nanorods was the first time obtained by this method. The phase transition sequence of 
these four 1D rutile TiO2 nanomaterials is consistent with previous study: underwent a 
transition from rutile to baddeleyite phase upon compression and baddeleyite to 
α-PbO2 phase upon decompression. However, nanotubes show the highest phase 
transition pressure of 20.8 GPa which may be due to its high specific surface area. 
Interestingly, a unique phase transition phenomenon was observed for nanowires as 
rutile phase maintained in the whole compression and decompression processes which 
has never been reported on TiO2 nanomaterials before. Moreover, the study of 
compressibility of unite cell along a axis and c axis shows that a axis has higher 
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compressibility than c axis. In addition, a relatively low bulk modulus of TiO2 
nanotubes was found indicating that among these 1D rutile TiO2 nanomaterials, 
nanotubes has the highest compressibility. All observed behaviours mentioned above 
may be attributed to the special 1D morphologies which lead to morphology-tuned 
high-pressure behaviours.  
In Chapter 3, nanoflower-like spheres Li4Ti5O12 (LTO-1) and nanoparticles Li4Ti5O12 
(LTO-2) synthesized by microwave-assisted hydrothermal methods were investigated 
under high pressure for the first time. In this study, two LTO samples show some 
special high-pressure behaviours: (1) no phase transformations were observed up to 
27.1 GPa for LTO-1 and 26.3 GPa for LTO-2, indicating high structure stability of 
these two nanomaterials; (2) LTO-1 shows higher reversibility and crystallinity than 
LTO-2; (3) LTO-2 (167 GPa) has a much higher bulk modulus than LTO-1 (123 GPa) 
which indicates a morphology-induced alteration of bulk modulus; (4) Based on 
previous study of lattice strain has a positive correlation with bulk modulus, we can 
infer that LTO-2 has a larger intrinsic lattice strain than that of LTO-1, consistent with 
the observation of the better performance of LTO-1 in LIB operations; (5) Higher 
compressibility of LTO-1 than LTO-2 was examined in comparison with other 
nanostructured lithium titanium dioxide suggest higher lattice vacancies and structural 
stabilities of LTO-1, also consistent with the observation of higher capacity of LTO-1 
than LTO-2 in LIB operations. This study shows that multiple factors including the 
lattice strain, lattice vacancy and surface area must be considered together in the 
design of new nanostructured electrode materials in the future.  
4.2 Future work 
By finishing this thesis, we have obtained many structure information of 
nanostructured TiO2 and Li4Ti5O12 under high pressure. However, there are still some 
work needs to be done in the future. 
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For Chapter 2, the high-pressure behaviours of anatase nanostructured TiO2 is well 
studied under high pressure. Compared with anatase TiO2, lots work still needs to be 
done for ruitle phase TiO2. For example, in most cases, the size and morphology 
effects on high-pressure coexist; which one plays the dominant roles in phase 
transition is not clear yet. To solve these problems, further studies can focus on the 
high-pressure studies of 1D TiO2 nanomaterials with different size and different 
crystal growth orientation. In addition to pure TiO2 nanomaterials, investigating some 
other composite such as doped- TiO2 nanomaterials are also be of great interest as ion 
doping is an effective way to improve its applications in energy conversion and 
storage. The comparison study of the designed TiO2 and its corresponding pure phase 
under high pressure is of great interest.1-3 For example, Lu et al.4 recently reported the 
Nb-doped anatase TiO2 nanoparticles under high pressure show a significant 
enhancement in electron transport properties of the pressure-treated TiO2 in 
comparison to the pristine anatase phase. 
For Chapter 3, Li4Ti5O12 nanomaterials are the first time studied under high pressure. 
In order to further study the size- and morphology- effect on the high pressure 
behaviors of Li4Ti5O12 nanomaterials, more samples with different morphologies are 
needed to investigate under high pressure.  
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Appendix I Data analysis methods 
A 1.1 FIT2D 
FIT2D is a one and two dimensional data analysis program which is mostly be used 
on European Synchrotron Research Facility beam lines and lots of crystallography 
groups all over the world. FIT2D is widely used for both interactive and “batch” data 
processing, and is used for various purposes by many user communities. In this thesis, 
FIT2D is used to process the X-ray diffraction (XRD) data collected by MAR 
detector. 
By using FIT2D, two dimensional XRD data which collected as Debye-Scherrer rings 
can be integrated into one dimensional profile with 2θ or radial direction. This 
provides a number of different output configurations. For instance, a number of 
different 2θ scans, for different azimuth ranges, a one dimensional profile of intensity 
of a ring as a function of azimuth, or a polar transform of the data can be obtained. 
Moreover, there are also different options of the output formats, which include GSAS 
formats, Cerius formats, as well as ASCII format. In the following, the GSAS format 
will be used in the Rietveld refinement analysis.  
   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                        

 Website:http://www.esrf.eu/computing/scientific/FIT2D/ 
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A 1.2 Rietveld refinement method 
Rietveld refinement method is developed by Hugo Rietveld for use in the 
characterization of crystalline materials. The principle of Rietveld refinement is to 
refine a calculated line profile by a least squares method and make the calculated line 
fits the observed profiles. The height, width and position of peaks in neutron or X-ray 
diffraction can provide us lots of information of the materials’ structures, such as the 
unit cell parameters, positions of atoms, etc.  
Many programs can be used to process Rietveld refinement, such as GSAS + 
EXPGUI, Fullprof and PowderCel, which can be freely downloaded from internet. 
There are also many commercial programs are available, such as MDI Jade and 
Bruker TOPAS. In this thesis, the GSAS + EXPGUI program is used to process all 
the refinements.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                        

 Website:http://www.ccp14.ac.uk/ccp/web-mirrors/lutterotti/~luttero/laboratoriomateriali/Rietveld.pdf 
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Appendix II Selected Rietveld refinements for 1D rutile TiO2 
nanomaterials 
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Figure A1 Rietveld refinement of XRD pattern for rutile TiO2 nanowires at (a) 5.2 GPa, 
(b) 19.3 GPa and (c) 25.1 GPa upon compression. The red cross is experimental X-ray 
intensity, whereas the green solid line is the calculated diffraction pattern based on 
refinement with the black curve at the bottom showing the difference between the calculated 
and observed intensities. The vertical bars with different colors indicate the characteristic 
reflections of different phases. 
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Table A1 Unit cell parameters of three phases for rutile TiO2 nanowires. 
Rutile phase Baddeleyite phase α-PbO2 phase 
P (GPa) a = b (Å) c (Å) P (GPa) a (Å) b (Å) c (Å) β (º) P (GPa) a (Å) b (Å) c (Å) 
1.0 4.5894 2.9574 25.1 4.6970 4.8050 4.6721 97.1637 0.7 4.5267 5.5090 4.9726 
3.4 4.5760 
 
2.9541 
 
30.6 4.8527 4.5893 4.7142 96.4629     
5.2 4.5527 
 
2.9461 
 
36.3 4.7092 4.5960 4.8549 96.1235     
12.1 4.5187 
 
2.9301 
 
         
14.6 4.4978 
 
2.9230 
 
         
17.6 4.4731 
 
2.9156 
 
         
19.6 4.4551 
 
2.9014 
 
         
25.1 4.4299 2.9214          
30.6 4.4149 2.9167          
36.3 4.3820 3.1213          
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Figure A2 Rietveld refinement of XRD pattern for rutile TiO2 flower-like nanorods at (a) 
0.9 GPa, (b) 8.3 GPa, (c) 16.6 GPa, (d) 24.8 GPa and (e) 34.9 GPa upon compression. See 
Figure A14 for figure caption. 
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Table A2 Unit cell parameters of three phases for rutile TiO2 flower-like nanorods. 
Rutile phase Baddeleyite phase α-PbO2 phase 
P (GPa) a = b (Å) c (Å) P (GPa) a (Å) b (Å) c (Å) β (º) P (GPa) a (Å) b (Å) c (Å) 
0.9 4.5909 2.9581 18.3 4.4978 4.9274 4.8663 98.4336 0.7 4.5246 5.5038 4.9261 
3.1 4.5757 2.9514 20.2 4.5303 4.8841 4.7316 98.6446     
6.2 4.557 2.9417 22.7 4.5304 4.8841 4.7316 98.6446     
8.3 4.54305 
 
2.9378 
 
27.8 4.6651 4.7815 4.6991 98.4874     
10.0 4.5345 2.9381 29.6 4.6109 4.7489 4.7142 98.5169     
14.8 4.5061 2.9287 31.6 4.6109 4.7489 4.7142 98.5169     
16.6 4.4824 2.9158 34.9 4.5817 4.8290 4.7278 98.5295     
18.3 4.4738 2.9153          
20.2 4.4624 2.8997          
22.7 4.4549 2.8583          
27.8 4.4414 2.9792          
29.6 4.4317 2.9844          
31.6 4.4311 2.9805          
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Figure A3 Rietveld refinement of XRD pattern for rutile TiO2 nanotubes at (a) 1.0 GPa, 
(b) 18.2 GPa, (c) 22.6 GPa, (d) 24.3 GPa, (e) 28.6 GPa and (f) 35.0 GPa upon 
compression. See Figure A14 for figure caption. 
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Table A3 Unit cell parameters of three phases for rutile TiO2 nanotubes. 
Rutile phase Baddeleyite phase α-PbO2 phase 
P (GPa) a = b (Å) c (Å) P (GPa) a (Å) b (Å) c (Å) β (º) P (GPa) a (Å) b (Å) c (Å) 
1.0 4.5822 2.9554 20.8 4.5779 4.9099 4.7286 98.6093 0.3 4.5373 5.5043 4.9331 
4.7 4.5568 2.9467 22.6 4.5892 4.8566 4.7718 98.3511     
7.5 4.5357 2.9382 24.3 4.5773 4.8931 4.6989 98.5945     
11.1 4.5108 2.9296 28.6 4.5016 4.9437 4.6662 98.7810     
13.2 4.4971 2.9198 35.0 4.5074 4.8175 4.6946 97.7956     
15.2 4.4840 2.9169          
18.2 4.4629 2.9056          
20.8 4.4395 2.8864          
22.6 4.4540 2.9043          
24.3 4.4371 2.8779          
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Appendix III Selected Rietveld refinements for nanoparticles 
Li4Ti5O12 (LTO-2) 
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Figure A4 Rietveld refinement of XRD pattern for Li4Ti5O12 nanoparticles at (a) 1.3 
GPa upon compression and (b) recovered phase at 0.5 GPa. See Figure A14 for figure 
caption. 
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